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Abstract 
Three iron oxide materials have been studied for uptake of three anions (ar- 
senate, phosphate and fluoride) and a cation (cadmium) from aqueous solu- 
tions. Two of the materials were produced using original procedures devel- 
oped at Loughborough University. The former material was conditioned 1) 'y 
a controlled freeze-thaw procedure to enhance granularity and the latter N"-as 
air-dried at room temperature. Their capacities were compared -'ý-ith a com- 
mercially available material supplied by GEH Wasserchemle, Germany. 
Pore size distributions and specific surface area values were determined bY N2 
analysis at 77 K. All samples possessed a reasonable specific surface area, in 
the range 200-300 m2 /g and were mesoporous. Samples produced at Lough- 
borough University also contained some macropores, evidence of a more amor- 
phous structure or lack of pH control during production. 
X-ray diffraction indicated that all samples had some 3-FeOOH present and 
that the chloride content and production pH affected the material crystallinity. 
Crystallinity increased with increasing chloride content and a higher produc- 
tion pH resulted in the presence of more than one phase. 
Chemical characterisation was also completed on all three samples. The point 
of zero net proton charge and isoelectric point for each material was obtained 
by potentiometric batch titrations and zeta potential measurements respec- 
tively. The difference in these values increased with a higher chloride content 
and all samples studied possessed a positive surface at low pH and negative 
surface at high pH. These parameters were not greatly affected by the back- 
ground electrolyte concentration, implying that the background electrolyte is 
not specifically adsorbed. However, arsenate and phosphate appeared to be 
specifically adsorbed as the isoelectric point decreased. 
The uptake capacities for arsenate, phosphate. fluoride and cadmium of all 
three samples were obtained by measuring batch isotherms at 25 'C. The 
pH range was 4-9, using various initial concentrations up to a maximum of 
approximately 30 p-M. 
4 
For all anionic species studied, the capacity decreased Nvith increasing pH, and 
the reverse trend was noted for cadmium. The Langmuir model provided a 
good fit for the anionic isotherms and the Freundlich model for the cationic 
isotherms. The materials studied possessed a markedly higher capacity for 
fluoride than arsenate and phosphate, with an intermediate capacity for cad- 
mium. This indicates that fluoride is attached to the surface via monodentate 
(single) bonds, whilst both arsenate and phosphate are primarily attached to 
the surface via bidentate (two) bonds. Cadmium is probably bound by both 
these mechanisms. 
The effect of competing anions on arsenic uptake capacity N,, -as determined us- 
ing mini-column experiments of binary (arsenate-fluoride, arsenate-Phosphate 
and phosphate-fluoride) and ternary (arsenate-fluoride-phosphate) mixtures. 
Arsenate removal was strongly affected by the presence of phosphate, but NwAs 
only slightly lower in the presence of fluoride. Phosphate-fluoride produced a 
marginally higher separation, indicating that the selectivity sequence for the 
iron oxide materials studied was P-As>>F. Uptake increased with increasing 
chloride content and the column pH was reduced. The columns were success- 
fully eluted with 0.1 M sodium hydroxide. 
Keywords: Adsorption, granular ferric hydroxide, mini-columns, potable wa- 
ter, pollutants. 
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Chapter 1 
General Introduction 
Water is ubiquitous and used in many ýispects of life. It is necessary for sus- 
taining human, animal and plant life. Drinking water contains imm ' Ný 
trace con- 
taminants, both cationic (positively charged) and anionic (negatively charged). 
The sources for such contamination of the aqueous environment are twofold-. 
directly from factory effluent and waste treatment plants or indirectly from the 
soil by agricultural or industrial runoff. There are European Union standards 
for drinking water that cover thousands of pollutants, e. g. inorganic materials 
(Table 1.1) [1,2,3]. 
1.1 Health effects of some anionic pollutants 
There are toxicological effects associated with several drinking water contam- 
inants. Chlorination by-products cause bladder and colon cancer [4]. An 
elevated quantity of nitrate in potable water may cause a blood disorder com- 
monly referred to as "blue baby" [5]. Studies in Spain and the UK have also 
shown a link between high nitrate levels in water and stomach cancer [6]. 
Above an optimum level of fluoride concentration teeth, particularly among 
children, become mottled. Exposure to high levels of arsenic in drinking water 
results in hyperpigmentation, gangrene and gastrointestinal cancer [7]. Sele- 
nium is an element essential to humans and animals-, however chronic exposure 
results in dermatitis and problems with the central nervous systein [7]. 
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Table 1.1: EU standards for drinking water levels of various inor- 
ganic contaminants 
I Parameter I Maximum permitted value (pg/L) I 
Aluminiurn 200 
Arsenic 10 
Cadmium 5 
Chlorine 40000 
Chromium 50 
Fluorine 1500 
Iron 200 
Lead 10 
Mercury I 
Nitrate 50000 
Phosphorus (asP205) 5000 
Selenium 10 
Sulphate 250 000 
1.2 Removal technologies 
The primary use of ion exchange technology has been for water softening, 
a cationic exchange process. In addition the need to remove radionuclides 
has increased the use of ion exchange resins. The majority of radioactive 
substances are present in water as cationic species. There are relatively few 
options for removal of anionic species. 
The most effective method of removing nitrate and chromate is by a specific ion 
exchange resin [8,9]. Fluoride can also be removed by ion exchange material 
or activated alumina [5,10]. Conventional iron or aluminium sulphate (alum) 
precipitation can remove more than 90 % As (V) at pH <7 and lime softening 
removes all As (V) present at pH > 10.6. Arsenate can also be removed by 
either activated alumina or bone char [7]. Selenium is effectively removed 
(> 90 %) by reverse osmosis, ion exchange [7] and activated alumina [11]. 
More recently, chitosan has been used to reduce the concentration of both 
cations and anions from solution. For example, copper, chromium [12], plat- 
inum [13] and vanadium [14], have successfully been removed. Arsenate sorp- 
tion has also been achieved with molybdate impregnated chitosan beads [15]. 
9 
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Inorganic ion exchange removal 
Inorganic ion exchangers have been overshadowed by their organic counter- 
parts. The earliest examples of ion exchange reactions are in soils. Ammonia 
was added to a soil sample and an equivalent quantity of calcium N"-as released 
[16]. There are three types of inorganic exchangers. namely clay materials. 
zeolites (both natural and synthetic), and other oxide materials. Exchange 
with clay materials is not stoichiometric, but depends on the degree of isomor- 
phous substitution [17]. Zeolites were first used aswater softeners [9] and have 
been used as molecular sieves to separate polar and non-polar compounds. in 
addition to acting as ionic sieves and achieving chromatographic separations 
(17]. 
Hydrous oxides are amphoteric Le. are able to remove both cMions and an- 
ions, depending on solution pH. Quadrivalent oxides, e. g. titanium dioxide and 
zirconium oxide are able to remove bromide and nitrate ions from solution. 
Trivalent oxides are able to remove alkaline earth metals, aluminium hydrox- 
ide has removed anionic isotopes of F, Alo, Tc, I arid Te [17], and inorganic 
anionic species of molybdate, chromate, sulfate and selenate [18]. Activate(I 
red mud, which contains both aluminium and iron, has been used to remove 
chromium [19] and phosphate [20]. The selectivity series of alumina for anions 
is as follows [17]: 
Fe(CN)4- >HP 02- > Cr 02- > HCO- > S02- > Cl- 64434 
Recently, there have been concerns over the use of aluminium-containing com- 
pounds in the water treatment industry. The use of activated alumina and 
alum salts for co-precipitation often leads to a higher aluminium concentra- 
tion in the treated water than in the raw Nvater [21]. There is a possibility 
that this high level in drinking water, in addition to elevated concentrations 
in food and drink, could lead to a higher risk of Alzheimer's disease and de- 
mentia [22]. The link between aluminium and Alzheimer's was first suggested 
after haemodialysis patients Nvere given aluminium orally and an increase in 
the symptoms of dementia was noted [6]. 
3 
Chapter 1. General Introduction 
Iron oxide is chemically similar to aluminium. Z. e. iron is a trivalent oxide and 
an amphoteric material. Depending on the solution pH, both cations, e. g. Co, 
Ni [23], Zn [24], Cd [25], Pb [26]. Cu [27) and anions, F [28], P [29]. As [30). 
Cr (VI) [31], V [32], Se02- [33] can be removed by iron oxide materials. 3 
1.2.2 Adsorption 
Adsorption of a substance involves its accumulation at the interface between 
two phases, solid and liquid. The accumulated substance is known as the 
adsorbate and the solid onto which it accumulates is the adsorbent. Sev- 
eral forces can contribute to the adsorbate being held at the surface, such as 
hydrogen bonds, dipole-dipole interactions and van der Waals forces. The ad- 
sorption of a substance onto the surface of a material can be characterised bY 
an adsorption isotherm [34]. 
1.3 Adsorbents used 
The adsorbents used in this study were iron hydroxides. One material was 
produced in the laboratory by contacting hydrous ferric chloride and iron 
oxide in stoichiometric quantities. The precipitate produced was aged, washed. 
filtered and then conditioned using a freeze-thaw methodology which resulted 
in a granular sample. Another iron oxide was produced in the laboratory 
by V Strelko Jr., again using iron oxide and sodium hydroxide, but there 
was no conditioning of the material. These adsorbents were compared with a 
commercially available material obtained from GEH Wasserchemie, Germany. 
1.4 Thesis aim 
The aim of this thesis is to study the adsorbents mentioned in the previ- 
ous section for their physical and chemical characteristics. and to determine 
the uptake capacity for certain anions and cations in both batch and column 
modes. Possible uptake mechanisms and types of bonding will be postulated 
from these results. 
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All three adsorbents were characterised physically by scanning electron mi- 
croscopy (SEM) and X-ray diffraction (XRD), and chemically by chloride con- 
tent, pH titration and zeta potential measurements. The samples were chal- 
lenged batch-wise with three anionic species, namely arsenate. phosphate and 
fluoride. Cadmium, Cd 2+ uptake capacity was also studied, as the surface of 
iron is amphoteric. Mini-column experiments were carried out to determine 
the competitive interactions between the anionic species studied. 
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Chapter 2 
Literature survey 
In the previous chapter, several anionic contaminants and removal technologies 
were described. The course of this study focused primarily on arsenic. The 
other anions studied, namely phosphorus and fluorine are ubiquitous in the 
aqueous environment and can themselves pose ecological and health concerns. 
A cationic species was also used in the adsorption experiments. Cadmium is 
known to cause certain health risks, particularly through accumulation in the 
kidneys. The legislation, sources, health effects and chemistry concerning all 
adsorbates are outlined below. 
2.1 Background to the arsenic problem 
2.1.1 Legislation 
There has been growing concern over the potential cancer and other health 
risks associated with a high level of arsenic in natural waters. Incidences of 
high arsenic levels have been identified in many parts of the world. Prob- 
ably the worst case is within the Ganges Delta region, covering India and 
Bangladesh. 
Consequently, in 1993, the World Health Organisation (WHO) reduced the 
maximum permitted level of arsenic in potable water from 50 ppb (pg/L) 
to 10 ppb [1]. Following this threshold reduction, several countries followed 
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suit; the USEPA considered a limit between 2-20 pg/L [2]. The proposed new 
standard of 10 pg/L was delayed in Jan 2001 but was finally agreed to come 
into force in Jan 2006 [3]. The European Union issued a directive reducing 
the limit to 10 pg/L [4] and Australia set a new level of just 7 pg/L [5]. 
2.1.2 Arsenic levels in Bangladesh 
Millions of People in Bangladesh and neighbouring India are at risk from con- 
taminated groundwater. Arsenic poisoning has reached epidemic proportions 
in this area. Water from the tubewells, dug since the 1970's, contain danger- 
ously high levels of arsenic. In Bangladesh the level of arsenic in groundwater 
in some areas was over 80 times the present limit in the United States of 
50 yg/L [6]. Within West Bengal alone, it is estimated fliat there are 16-- 
20,000 wells with an arsenic concentration in excess of 50 ppb [7]. 
The primary reason for the increase in arsenic poisoning within the Bengal 
Delta is due to the increased consumption of groundwater extracted from 
wells. The suggested mechanism for the mobility of arsenic in the groundwater 
is that coagulation and precipitation occur in the aerobic surface waters. the 
precipitates sink and are deposited on the sediments. As the deeper ground 
water is anaerobic, the iron precipitate is reduced and redissolves. liberating 
arsenic [8]. The rate of dissolution is driven by the microbial metabolism of 
organic matter found in anaerobic groundwater. Hence the distribution of 
organic matter determines the quantity of arsenic released [9]. 
2.1.3 Arsenic levels worldwide 
There are many others areas of the world where there are elevated levels of 
arsenic in the aquatic environment, primarily due to natural geochemistry. In 
the us, approximately 5% of the national drinking water will require treatment 
to meet the new requirement [10]. Other countries with naturally elevated 
levels of arsenic include Argentina [11], Chile [6]. China [12,13], India [14,15]) 
Mexico [16], Taiwan [17,18] and Vietnam [19]. There are other areas that 
have a high arsenic concentration from anthropogenic sources. namelý- Devoil 
and Cornwall in the UK [20], Greece [21] and Ghana [22]. 
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2.1.4 Arsenic levels in the UK 
The European Union has issued a directive to reduce the arsenic threshold 
from 50 pg/L to 10 Mg/L [4]. At present, specific water treatment to remove 
arsenic is not required to meet the existing standard. However. the new limit 
has generated research in the UK, as 30 treatment works will be required to 
take some measures to reduce the level down to 10 pg/L [23]. 
2.2 Arsenic in the environment 
Arsenic occurs naturally in aquatic systems from chemical interactions of 
arsenic-rich sediment and from industrial sources. The chemistry of arsenic in 
the environment is dependent on other anionic species present, the nature of 
the sediment, natural organic matter and bacteria. 
2.2.1 Sources of arsenic 
The majority of arsenic in natural waters results from the leaching of geolog- 
ical material [24]. The most important ores of arsenic are arsenic pyrites or 
mispickel (FeAsS), realgar (AS4S4) and orpiment (AS2S3) [25]. Arsenic forms 
stable bonds with sulphur and carbon. In the presence of sulphides, precipita- 
tion of realgar or orpiment can remove As (III) and have considerable control 
over arsenic concentrations. To some degree, the quantltN, and speciation of 
arsenic depends on the local geology and soil type. An important group of 
compounds is the methylarsines. Trimethylarsine is formed by some micro- 
organisms from inorganic compounds of arsenic. However, organic species 
are rarely present at concentrations above 1 yg/L and are not considered of 
greatest importance when considering water treatment [8]. 
There are several industrial sources that elevate naturally occurring levels. 
One source is smelting ores that contain arsenic trioxide, which is the raw 
material for industrial arsenic materials. The oxidised forms are converted 
back to sulphides by anaerobic processes on land and in water [26]. Coal 
fired power stations are another source of pollution for heavy metals such as 
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arsenic, selenium and chromium [271. Arsenic and its compounds have also 
been used extensively as herbicides and insecticides, hence runoff from treated 
fields contribute to higher arsenic levels. 
2.2.2 Arsenic chemistry 
Iron and manganese have a considerable effect on the arsenic concentration in 
the environment. FeAsS, arsenopyrite and '. \ln3(AsO4) affect arsenic solubil- 
ity [28] through co-precipit ation-adsorpt ion of arsenic on iron and manganese 
oxides [11]. Hence, arsenic content can be correlated to Mn (11) and Fe (11) 
concentrations. It has also been noted that aluminium hydroxide and claYs 
adsorb arsenate in the environment [121. Hence studies were carried out I)y 
Prasad [291 to determine the removal of arsenic by naturally occurring geolog- 
ical material, namely hematite and feldspar. 
Some plants have been shown to possess bioaccumulation properties. Hydrilla 
verhcfflata Casp. is able to remove arsenic from the surrounding soil [30]. 
More recently, brake fern was observed to adsorb arsenic to such an (, xtellt 
that it comprised 2% of its entire weight [31]. These plants could be used to 
remediate land previously spoilt by mine tailings. 
Occurrence of arsenic in natural waters depends on the geology and pH of 
the aquatic environment. The chemicals present in the sediment and their 
interactions will control the retention and liberation of arsenic. Redox con- 
ditions are also important in determining the mobility of arsciiic. Figure 2.1 
highlights the complexities of arsenic in the environment, both at surface and 
groundwater levels. 
Oxidation/reduction of arsenic species 
The most prevalent species of arsenic depends on the pH and the redox po- 
tential. As a general rule, arsenite, As (III), is more likely to be found in 
anaerobic ground water, whilst arsenate, As (V), is found in aerobic surface 
water. Dissolution from the solid phase results in arsenolite (AS203), arsenic 
hydride (AS205) and realgar [33]. 
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Groundwater Key reactions 
Oxidation of As(III) to As(V) 
Sorption-co-precipitation of As to oxides 
Exchange of phosphate for sorbed As(V) 
2+ 02- 
Aerobic Mn --+ Mn02 - H2AsO4 HP 4 
Fe2+ __ý Fe3+ -+ Fe (0 
H)3 - H2AsO4 
HAs02-* HAs 02- 2 4 HAs04 
HAs 02- --ý HAs02 4 
Fe(OH)3 - H2AsO4-* Fe 
24- + HAs02 Anaerobic 
Mn02 - H2AsO4 --ý Mn 
2+ 
+ HAs02 
No H2S 
Reduction of As(V) to As(III) 
Reduction of Fe/Mn oxides 
Release of soluble As 
HAs02+ HS- --+ 
AS2S3 
or AsS Anaerobic Fe 2+ __+ FeS - HAs02 H2S Precipitation of soluble As(III) 
as realgar or orpiment, or 
co-precipitation with FeS 
Figure 2.1: Arsenic reactions within the aquatic environment. After 
Edwards [32] 
Arsenate is more readily removed from water than arsenite, as it is an ionic 
species in the pH range typically found in aquatic systems. Arsenite does not 
readily oxidise to arsenate if the pH is < 10 without the presence of additional 
oxidisers [34]. Conventionally, chloride or potassium permanganate are used in 
a pre-oxidation stage to remove any As (III) present. However, recent studies 
have shown that the rate of this oxidation step, which is thermodynamically 
favoured, can be greatly increased by photochemical oxidation. i. e. the addi- 
tion of acid to a solution exposed to UV light in the presence of iron. This has 
the added benefit of removing dissolved iron present. This can occur in min- 
utes, rather than hours or even days. under natural oxic conditions [35]. Rapid 
oxidation can also occur in the presence of ozone [361. Using FT-IR and XAW S 
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(X-ray Absorption Near Edge Structure), Sun and Doner [37) found that some 
arsenite present in solution oxidised on the surface of goethite. Arsenates can 
be reduced, but only in very acidic conditions [38]. 
Cullen and Reimer [8] reported that certain bacteria converted arsenate to the 
more toxic methylarsenate species. Johnson [39] also found that arsenate was 
reduced to arsenite in sea waters. The reverse is also possible, with arsenite 
being oxidised by iron-rich sediment [40] and abiotic bacteria (41]. 
2.2.3 Arsenic health effects 
Arsenic levels in groundwater have been examined recently in the light of ne-, N- 
research regarding cancer risks [1], and studies carried out in Taiwan during 
the 1960's [42]. 
Some organic forms have been used for medical purposes, although there is 
insufficient data as to whether arsenic is an essential element for humans. 
Arsenic is believed to be carcinogenic; although there is some disagreement 
about the carcinogenic nature of arsenic, and there have been no positi"-e 
examples in animal tests [43]. Humans are exposed to arsenic from air, food 
and water. The arsenic concentration in the air is extremely small, a f(, NN- ng 
As/m 3 [441. A higher concentration of arsenic is found in foods, particularly 
fish (0.5-3 ppm) and crustaceans (3-100 ppm) [11). A lower concentration can 
be found in meat and freshwater fish [45]. In drinking water, the concentration 
of arsenic can reach a maximum of 2 ppm [42]. 
Tseng et al. [42] studied the effect of arsenic exposure in drinking water in 
a small area of Taiwan. The length of exposure was estimated as 45 years. 
The long-term health effects of exposure to inorganic arsenic species are skin 
lesions, cancers of the skin, kidneys, lungs and liver. diabetes, pulmonary 
disease and hypertension [46]. There is a latency period in the symptoms 
of arsenic poisoning, hyperpigmentation takes 6 months to 3 years [42], skin 
cancer 20 years [46] and bladder cancer 20-35 years [47] to develop. 
The lifetime risk of developing skin cancer by drinking 2 ttg/L of water is 
IX10-5 , the 
level at which the USEPA would consider the substance to be a 
carcinogenic risk [2]. At the new threshold level of 10 yg/L. the risk 
increases 
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to 6xI 0-4 [1]. Valberg [48] has calculated that drinking 2 litres of water a day 
at 50 pg/L results in a lifetime skin cancer risk of 2.5xlO-'. 
Arsenic can occur in four oxidation states in water, although it is usually found 
in the trivalent (arsenite) and pentavalent (arsenate) forms. The toxicity of 
arsenic compounds is as follows [49]: 
arsine > arsenite > arsenate > alkyl arsenic 
Ingested arsenic is methylated in the liver, hence this is the organ primarily 
affected by arsenic exposure. As (M) is considered to be more toxic as it is 
more easily methylated than As (V) and the latter is ustially reduced before 
undergoing any methylation process. As (III) is a potential enzyme inhibitor 
through reacting with the sulphhydryl groups [50], and has a high affinity for 
cell protein [51]. 
Despite the growing number of case studies to determine the effect of ingested 
arsenic on human health, opinion is still divided. A report issued by the 'Na- 
tional Academy of Sciences, USA published in 2001, calls for more clarification 
on the dose response of arsenic [47]. 
Estimated costs and benefits from reducing arsenic in drinking water 
The cost of compliance with the proposed new regulations in the United States 
(a reduction from 50 ppb to 10 ppb) has been estimated by the us Environ- 
ment Agency [52]. The total treatment cost was estimated in 1999 as $164.9- 
194.8 M, the total bladder and lung cancer health savings as being in the region 
of $137 M. Hence the net cost to reduce the maximum allowable arsenic level to 
10 ppb is $27.9-57.8 M. Within the UK, the Department of the Environment, 
Transport and the Regions has estimated that the cost of compliance to the 
EEc directive 98/83/EC to be E490 NI up to March 2005 (non-recurring costs) 
and L22 1\1 per annum recurring costs. The minimum expected savings are 
L724 NI for total health benefits and L124 '-\I for non-health benefits. These 
costs include meeting the new lead standard 
[53]. 
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2.3 Arsenic removal 
There are several available methods for the removal of arsenic, the choice 
of which depends on the throughput, degree of maintenance and expertise re- 
quired and final water quality. The removal technologies can be split into three 
categories; precipitation, membrane and adsorption processes. A summary of 
these processes is given in Table 2.1. 
2.3.1 Precipitation processes 
The most common technique currently used for arsenic removal is coagulation 
followed by filtration. This can be split into several further categories: con- 
ventional coagulation, lime softening, advanced colloid flotation and conibilied 
ferrous/ manganese precipitation. Co-precipitation is the incorporation of sol- 
uble arsenic species into a hydroxide phase and adsorption is the formatioil 
of surface complexes between soluble arsenic and the solid surface. Dissolved 
inorganics may be removed by adsorption, occlusion and solid-solid formation. 
Adsorption is the primary mechanism at high coagulant doses [55]. 
The main disadvantage of this method is the large volume of sludge produced. 
Merrill et al. [27] used pressure filtration to dewater the sludge cake. froill 
6-8 % to 40 % solids content after approximately 8 hours. Another suggested 
method for disposal, landfill, can itself be a source of groundwater pollutl()Ii if 
the waste solids are not sufficiently stable. However, Xlerrill et al. [27] and Pal 
[56] have carried out leaching tests and the extractant concentration was lower 
than the required limit. Crystalline forms of iron oxide have a lower solubility 
than their amorphous counterparts under most leaching conditions [571. 
Coagulation 
The primary coagulants used in the water industry are ferric salts, namely 
ferric chloride and ferric sulphate, and aluminium sulphate (alum). Several 
investigators have compared the effectiveness of these coagulants. 
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Gulledge and O'Connor [58] and Shen [59] both found that ferric salts had a 
greater removal capacity than alum at a pH < 7. Edwards [32) also found that 
the removal efficiency, using ferric salts at pH 7-7.5 for a 0.06 m. N1 coagulant 
dose, was 87 % versus 67 % for alum. Iron coagulants perform better than 
alum since they are more insoluble over a wider pH range than aluminium hy- 
droxide and form a heavier, denser floc. Amorphous ferric hydroxide Fe-(OH)3 
is formed by ferric chloride in water in the pH range 6-10. Below pH 6. 
cationic monomers such as Fe" and Fe(OH)' are formed, hence anionic ar- 2 
senate species which are formed in water are electrostatically attracted to the 
iron coagulants. 
Tokunaga et al. [60] compared iron and alum salts with lanthanum salts. All 
were able to remove arsenite and arsenate. Lanthanum salts could be used 
over a wider pH range, 5-9 for effective arsenic removal. 
The speciation of arsenic in the water affects its removal. Gulledge and 
O'Connor [58] found that without prior oxidation, ferric sulphate removed 
40-60 % of As (111) and alum only removed 5-15 % from an initial concentra- 
tion of 0.3 mg/L. However, on oxidation with 2 mg/L chlorine, 95 % removal 
was achieved. This is comparable to As (V) removal. Shen [59] also found that 
chlorine was a better oxidising agent than potassium permanganate. Aeration 
alone was also not sufficient to oxidise the water [61]. 
The effect of source water variations were more pronounced for As (III) than 
As (V). Under acidic condition, sulphate did not appear to have a detrimental 
effect on As (V) removal. Below neutral pH, As (III) was greatly affected 
by the presence of sulphate [62]. Natural organic matter (NOM) drastically 
reduced the removal of As (III) and As (V) by co-precipitation, but arsenate 
removal by adsorption at pH 6 was not affected [55]. The presence of positively 
charged ions, such as calcium appeared to aid removal at pH 9 [621. 
Much of the earlier work [58,59] was aimed at achieving a residual concentra- 
tion of 50 pg/L. In addition, the initial concentrations used were higher. Shen 
[59] found that 50 mg/L ferric chloride was sufficient with an initial arsenic 
concentration of 0.8 mg/L, although, this increased to 77 mg/L in field tests. 
There were, however, indications that a lower residual level could be reached. 
For example, 100 mg/L ferric sulphate reduced an effluent concentration from 
an initial level of 1.5 mg/L, to 10 pg/L [58). 
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More recently, Cheng [63] noted a level of 10 pg/L could be reached with a 
dose of ferric salts less than 10 mg/L and initial concentration of 20 pg/L 
arsenic. Scott et al. [64] r eported that 90 % removal can be achieved with a 
coagulant dose greater than 6.5 mg/L, Z. e. an effluent concentration of 2 pg/L. 
This method can effectively reduce the effluent concentration to below 10 Yg/L. 
provided that the influent is pre-oxidised with chlorine and has a pH < 7. 
Lime softening 
Lime softening removes hardness but can also remove arsenic at pH > 10,5 [651. 
McNeill and Edwards [66] found a maximum removal of 95 % with magnesium 
hydroxide and calcite at full scale, from an initial concentration of 5 Ag/L if the 
pH was adjusted to above pH 10.5. The water may not require pre-oxidation, 
depending on the initial concentration, as As (III) removal was relatively high. 
Combined Fe/Mn precipitation 
Fe (11) and Mn (II) form insoluble hydroxide precipitates on oxidation. Co- 
precipitation and adsorption onto the hydroxide surface removes soluble ar- 
senic species. 1 mg/L Fe (11) removed 88 % of a 22 pg/L influent concentration 
[32]. At full scale, McNeill and Edwards [66] noted that up to 90 % can be 
removed with 100 pg/L of arsenic in the influent. pH played an important role 
in arsenic removal; this method was most effective at pH 5. 
Adsorbing Colloid Flotation 
A floc-forming compound, usually ferric chloride or alum, was added to collect 
the dissolved heavy metals by adsorption and/or co-precipitation. Hydroxides 
are formed by the addition of base. The flocs were then removed by flotation 
in a column using a surfactant [67]. High arsenate removal was achieved with 
75-100 mg/L alum and 30 mg/L surfactant from an initial concentration of 
5 mg/L. The optimum pH for removal was pH 5-6, and increasing the ionic 
strength decreased the removal efficiency [61]. 
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2.3.2 Membrane processes 
Reverse Osmosis 
There are two types of reverse osmosis, nanofiltration and hyperfiltration. The 
former is a relatively low pressure process and rejects material with a molec- 
ular weight > 1000 Daltons through a semi-permeable membrane. It is also 
known as membrane softening, as it is able to remove calcium and magne- 
sium that cause hardness. It is also able to remove sulphate and to a lesser 
degree monovalent substances such as chloride. Hyperfiltration operates at 
much higher pressures and provides a greater rejection all of dissolved solids 
(moelecular weight > 150-200 Daltons). 
The rejection of co-ions such as arsenate will be greater for a solution brought 
into contact with a slightly negatively- charged membrane. Reverse osmosis is 
more effective at removing As (V) than As (III). The latter removal efficiencies 
are 40-80 %. The removal efficiency of both As (III) and As (V) increase with 
increasing pH, the former being affected more strongly [681. However, up 
to 97 % removal of pentavalent arsenic has been reported [65]. Generally, a 
smaller quantity of particulate arsenic was found in groundwaters than surface 
waters. 
As (III) maximum rejection was below 90 %, which decreased with increasing 
specific flux (gallons/ foot'/day). As (V) removal was unaffected by flux, and 
gave a rejection of 98 % for an initial concentration of between 15 and 30 Yg/L. 
The rejection of arsenic decreased in the presence of ions that are rejected more 
easily. In particular, phosphate lowered the arsenic removal. However, the 
presence of cadmium did not effect removal [69]. Brandhuber and Amy [70] 
found that arsenic was rejected to a greater extent in high levels of dissolved 
organic carbon (DOC). Hence, humic substances may enhance rejection. 
Oxidising agents such as chlorine were harmful to the membrane. However, 
depending on the initial concentration and speciation of the water, oxidation 
may not be necessary [71]. The method was too effective at removing total dis- 
solved solids (TDS), 250 mg/L reduced to 10 mg/L [65]. Hence post treatment, 
such as aeration and chlorination would be required [72]. The wastewater was 
10 % of the feed water and there was no sludge resulting from this process. 
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Electrodialysis 
An electric current is applied to draw the ions through the membrane, leaving 
the effluent water behind. The membranes are made up of both cation and 
anion exchange resin. The quantity of wastewater is around 10 % of the feed 
and up to 95 % removal has been reported [65]. 
Membrane processes are effective for the removal of arsenic if the pH is > 10. 
The disadvantages of this removal technology are that the capacity is depen- 
dent on the presence of competing anions and also the high cost [73]. 
2.3.3 Adsorption 
The removal of substances through physical or chemical bonding on a sur- 
face is known as adsorption. There are several types of adsorb ent-act ivated 
alumina, activated carbon, zeolites, activated bauxite, ferric hydroxide, and 
other composite materials. The advantages of adsorption are the ability to 
use a column and that the solid can often be regenerated. This produces less 
solid waste than precipitation, although regeneration results in a more con- 
centrated liquid effluent. If regeneration is not possible, the spent adsorbent 
could be sent to landfill. 
Activated alumina 
Bellack [74] first discovered the affinity of activated alumina (AA) for arsenic 
when studying the removal of fluoride. AA has the following selectivity se- 
quence, hence the expected affinity for As (V) is even greater than for fluoride. 
OH- > H2As0- > Si(OH)- > F- > HSe0- > S02- (2.2) 4334 
Cr 02- > HCO- > Cl- > NO- > Br- > I- 433 
Bellack [74] found that by reducing the pH to near neutral conditions with an 
initial concentration of 60 ppm, the residual concentration N', -as 3 ppb after 14 
bed volumes (BV). For well water with 0.1 mg/L initial arsenic concentration. 
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at neutral pH, the level was reduced to below the detectable limit of 2 Pg/L. 
Hathaway and Rubel [75] noted that the AA was exhausted after only 800 BV 
without pH adjustment, with a raw pH of 9 and an influent concentration of 
0.09 mg/L. With pH adjustment, the effluent concentration remained below 
the detectable limit for approximately 9000 BV. 
Gupta and Chen [76] investigated AA, activated bauxite and granular activated 
carbon (GAC) and found that AA produced consistently high removal and the 
fastest adsorption rates (50 % of the total arsenic removed within ten minutes). 
Rates of As (111) removal were much lower, about 6% and 2% for AA and GAC 
respectively. The rate of adsorption decreased with increasing salinity. As (III) 
removal decreased sharply above pH 9 and As (V) adsorption decreased above 
pH 7. Anion adsorption should have a point of inflection at the pKa values for 
arsenic and arsenious acid, i. e. pH 7 and 9, respectively. Despite the recent 
concerns over the possibility of a link between AA and Alzheimer's, other 
investigators have noted the efficacy of AA for arsenic removal [77,781. 
At high pH the surface charge of AA was either neutral or negative. The 
adsorption appeared to be independent of pH if the pH was less than the 
pH of the point of zero charge (pHpzc), but decreased with increasing pH. 
At pH > pHpzc, adsorption must compete with coulombic repulsion forces. 
Hence, there was chemical adsorption to the AA surface [76,79,80]. 
Sulphate, carbonate, silicate, and phosphate had a detrimental effect on the 
removal of arsenic [81,82,83]. Silicate had a drastic effect, with a maximum 
adsorption at pH 9, decreasing with decreasing pH. Calcium may enhance 
the adsorption, by making the surface more positive and even by forming 
complexes with the arsenate. In general, As (V) was more affected by chemical 
composition than As (111) [761. 
When all the adsorption sites are exhausted, AA can be regenerated with 
caustic soda, then neutralised with a sulphuric acid rinse. To aid regeneration, 
Bellack [74] used I% caustic soda and every fifth cycle a stronger solution of 
caustic soda was used to reduce the loss of AA. Driehaus et al. [84] estimated 
that the regeneration efficiency was only 90 % since AA has such a high affinity 
for arsenic. 
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Activated carbon 
Gupta and Chen [76] used 3 g/L GAC and noted that it was one twelfth as 
effective as AA. Huang and Fu [85] found that powdered activated carbons were 
effective for arsenic removal with 84 % removal from an initial concentration 
of 5x 10-5 M As (V) (3.75 ppm) using I g/L activated carbon at pH 4.5. 
Huang and Vane [86] developed a ferrous treated activated carbon to increase 
the surface charge and 90 % of arsenite was removed at pH 3.5-4 for an influent 
concentration of 5xlO-' M As (111). The most effective regenerant was ferrous 
ammonium sulphate [85,86]. Reed et al. impregnated activated carbon with 
a ferric oxide, which increased both As (111) and As (V) uptake by one or two 
orders of magnitude [871. Manju et al. [88] produced GAC impregnated with 
copper. The maximum uptake of As (111) was at pH 12 with 88 % removal for 
an initial concentration of 50 mg/L. The arsenite at this high pH was anionic, 
hence removal was increased. 
Activated bauxite 
Gupta and Chen [76] compared AA, activated bauxite and GAC. It was only 
50 % as effective as AA and there are no further reports of this adsorbent in 
the literature. 
Granular ferric hydroxide 
The arsenic removal method selected in this work was using a packed col- 
umn with granular ferric hydroxide. Driehaus et al. [84] developed a granular 
product similar to akaganeite, to be applied in a similar way to AA or GAC. 
The granular ferric hydroxide developed appeared to have a greater affinity 
for arsenic than AA. Pierce and Moore found that amorphous ferric hydroxide 
possessed 5-10 times greater capacity for arsenic than AA [89]. For an influent 
concentration of 21 pg/L, 30 000-40 000 BV were passed before an effluent 
concentration of 10 pg/L was reached. This method does not require much 
maintenance or manpower. There is no pre-treatment required other than 
chlorination, which is usually present at an existing water treatment plaiit. 
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The resulting arsenic-loaded ferric hydroxide is usually sent to landfill. As 
explained previously in Section 2.3.1, researchers have found that spent iron 
oxide material is sufficiently stable, with a leachate concentration lowerthan 
the required limit [27,56]. However the material could be eluted with a strong 
base, e. g. sodium hydroxide, and reused. A further issue would arise as to 
disposal of the concentrated eluent 
Composite adsorbents 
Shigetomi et al. [90] used polyacrlyamide as a binder for hydrous ferric oxide. 
This adsorbent removed more than 95 % As over a pH range of 5-6 for an 
initial arsenic concentration of 1.33 mM. Iron coated sand has been used to 
treat metal bearing waste [91]. Also, zirconium oxide [92,93], aluminium- 
loaded shirasu zeolites [94], lanthanum impregnated silica gel [95], molybdate- 
impregnated chitosan beads [96], clinoptilolite-containing rocks [97] and yt- 
trium carbonate [98] have been used to effectively remove arsenic. 
Ion exchange 
A strong base anion exchange resin is usually loaded with chloride ions and 
the arsenic and other anions are exchanged for the chloride ions. The resin 
is eventually exhausted and requires regenerating. The pH should be greater 
than 7.5 and the feed pre-oxidised for optimum conditions. This is to oxidise 
any As (III) that is present. Ion exchange resin are susceptible to oxidising 
agents, hence this process may have a detrimental effect on the resin. 
Ramana and Sengupta [99] loaded a chelating ion exchange resin Dow 2N with 
Cu (II) to act as an anion exchanger. At pH 7-8.5 the equilibrium uptake of 
As (V) reached a maximum of 35 mg As/mg resin at an influent concentration 
of 5 mg/L. Ghyre et al. [100] used a sulphate specific resin to remove both 
nitrate and arsenic simultaneously. The maximum throughput at pH 7-8 was 
900 BV with an inlet concentration of 14 pg/L. Shen [591 used a weak base 
resin and achieved 26 % removal of As (V) and 21 % of As (III) from a synthetic 
solution containing 1 mg/L arsenic. Only a small quantity of raw water can 
be passed through columns before the resins become exhausted. 
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The selectivity sequence [65] of strong base anions is estimated as: 
S02- 02- (2-3) 4 >HAS 4> N03 > Cl- > HC03 > H2Aso4 
Hence, in the presence of sulphate, chloride and nitrate, the amount of arsenate 
removed is quite small, and is further reduced if weak base resins are employed. 
Hathaway and Rubel [75] concluded that ion exchange can be an effective 
method of arsenic removal, although it is sensitive to source water composition. 
It is more suited to small scale removal as only a small quantitý, of water can 
be passed through before exhaustion. 
2.3.4 Novel methods 
There have been a number of simple methods developed for arsenic renioval, 
primarily with the crisis of Bangladesh in mind. The simplest is passive sedi- 
mentation i. e. the arsenic precipitates with the naturally elevated level of iron 
and settles overnight. The top portion of the water is decanted and then used 
[101]. Another method also uses the ferrous ion present in the water. On 
the addition of citric acid and allowing photo-oxidation to occur, the arsenic 
concentration is reduced by 80-90 % from an initial concentration of 500 Pg/L 
[102]. The third is a small-scale co-precipitation and adsorption process with 
either ferric or alum salts [103]. A bucket treatment unit using 100 mg/L ferric 
chloride and 1.4 mg/L potassium permanganate was used to reduce levels to 
20-40 ppb from an initial concentration in the range 375-640 ppb [1011. A final 
method for removing arsenic has been developed using iron filings [10,104]. 
Highly contaminated waters, 2000 pg/L can be made safe with 93 % removal 
of arsenic. The arsenic was strongly bound and the filings could be reused at 
least 100 times [104]. 
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2.4 Background information on other species 
studied 
2.4.1 Phosphate 
Legislation 
Phosphorus is required for the growth, health and reproduction of all living 
beings. Phosphate itself does not have notable adverse health effects. However, 
its release to surface water in agricultural runoff and wastewater has led to 
legislation such as the European Union Urban Wastewater directive [105]. This 
states that the maximum allowable phosphorus for 10 000-100 000 p. e. 1 should 
be 2 mg/L. For drinking water, the European Union set a maximum admissible 
level of 5 PPM P205 [106]. 
Chemistry 
Phosphorus is present in igneous and sedimentary rocks. The primary source 
of phosphorus used in industry is fluorapatite, Ca5F(PO4)3 [107]. At present, 
75 % of phosphate production worldwide is from phosphorus minerals. Ar- 
senate is chemically similar to phosphate and may be substituted in apatite 
minerals [108]. 
Phosphorus in the environment 
Phosphorus is the eleventh-most abundant mineral in the earth's crust. Natu- 
ral inorganic phosphorus deposits occur primarily as phosphate in the mineral 
apatite. When released into the environment, orthophosphate will be the pri- 
mary species, according to the pH of the surrounding soil. Currently, there is 
on average 0.1 pprn phosphorus in sea water due to weathering of rocks [109]. 
Phosphorus is a primary ingredient in fertilisers used in agriculture to increase 
productivity. It is also found in detergents and pesticides [108]. All these 
1p. e. (population equivalent) means the organic biodegradable load having a five day t) in 411) 
biochemical oxygen demand (BOD5) of 60 g of oxygen per day. 
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sources increase phosphorus concentrations in the aqueous environment and 
lead to the production of algal bloom. This is caused by phosphorus enriched 
conditions, allowing greater nitrogen uptake and results in an increase of algae. 
Removal technologies 
Concerns regarding eutrophication lead to the development of technologies for 
phosphorus removal in the 1950s. Removal was initially achieved by chemical 
precipitation [110], which in addition to biological methods is the usual method 
used to remove phosphorus at full-scale [111]. 
The usual metals used in the precipitation process are iron and aluminiuln, 
added as either chloride or sulphate. Salt addition can achieve 80-95 % total 
phosphorus removal. This results in the phosphorus reacting and precipitatiilg 
with the metal salt and its disposal as sludge, to be potentially reused in the 
agricultural industry. Seida and Nakano [111] have developed double laYered 
hydroxides containing iron. The release of the cations in the iron compounds in 
addition to any hydroxide ions released act as coagulants to remove phospho- 
rus. More recently biological phosphorus removal, crystallisation technology 
and technologies extending chemical precipitation to assist nutrient removal 
are also considered to be viable technologies [112]. 
Adsorbents have also been investigated for their ability to remove phosphorus 
from water. The primary advantages are that unlike chemical precipitation, no 
additional sludge is produced, and no reagents are required to adjust the pH. 
Adsorbents such as AA [113], activated red mud [114] and iron oxide coated 
filter medium [1151 have been investigated. 
2.4.2 Fluoride 
Legislation 
The current acceptable level of fluorine in drinking water is 1.5 ppm within the 
European Union [4] and WHO [1]. There have been cases of endemic fluorosis 
in both Mexico [116] and India [117]. The natural levels of fluoride in tap water 
were in the range 1.54--4.7 ppm. In non-fluoridated water, the level of 
fluorine 
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is often less than 1 ppm, after fluoridation the fluoride concentration is in the 
range 0.6-1.7 ppm. [1181. Fluoride is often added to vitamin supplements and 
pharmaceutical products, primarily toothpaste [119]. 
Chemistry 
The fluoride ores of most importance are fluorspar (the primary industrial 
source for fluorine), CaF2, fluorapatite and cryolite, Na3AIF6 [120]. Recovery 
of fluorine from fluorapatite used in phosphorus production, with an average 
fluorine content of 3.5 %, has both economic and environmental benefits. 
Fluorine in the environment 
The primary routes of fluoride into the environment are natural and anthro- 
pogenic. Fluoride is present in many naturally occurring minerals. Erosion 
results in an increase in fluoride surface species. Fluoride is also extensivelý- 
used in the semiconductor, nuclear [121], glass and electroplating industries 
[122]. 
Health effects 
Low levels of fluorine are beneficial, particularly for babies and young children. 
Skeletal and dental problems are reduced with an intake of approximately 
I ppm. However, if fluoride levels exceed 1.5-2 ppm, abnormal bone growth 
and teeth discolouration can occur [121]. 
Removal technologies 
Many methods have been used on a laboratory scale to remove fluoride from 
aqueous systems; most are based on column operations. AA [113,123], GAC 
[124,125], bone char [122] and fly ash [126] have all been used successfully to 
remove fluoride. The most frequently employed large-scale fluoride treatment 
is ion exchange by either GAC, bone char or tricalclum phosphate [125]. 
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Fluoride has also been removed by precipitation with lime and aluminium 
sulphate [125], calcium hydroxide [127] and calcium phosphate [128]. Sinha 
et al. [129] have used a phytoremediation route, namely Hydnlla ve7licillata 
(l. f. ) royle to some degree of success in fluoride removal. 
2.4.3 Cadmium 
Legislation 
The current threshold for cadmium in potable water is 5 pg/L within the 
European Union [4]. WHo have also set a limit of 5 pg/L for cadmium [1]. 
Generally, the concentration of cadmium in drinking water is <1 Ag/L [130]. 
However the discharge limit for industry has a maximum permissible level of 
0.2 mg/L [131]. 
Chemistry 
The only ore of cadmium is greenockite, CdS, which is very rare. This has 
been used extensively in the pigment industry. Zinc ores and other heavy 
metal ores also contain cadmium as an impurity. Hence this is the primary 
source of cadmium in the environment [132]. 
Cadmium in the environment 
The amount of this toxic heavy metal in the environment has increased as a 
result of human activities. Industrial wastes of long-life batteries and colour 
pigments containing cadmium, electroplating, mine tailings and the impact of 
contaminated phosphate fertilisers, oil, and coal burning have all contributed 
to its wider presence in the environment [133]. Cadmium is also present nat- 
urally from volcanic activity and in rocks in concentrations in the order of 
1.0 mg/kg [134]. 
Cadmium plays no essential part in plant biology, but there are several types 
of algae that exhibit bioaccumulation. Some fruit and vegetables, depending 
on the local soil conditions also possess high levels of cadmium [130]. 
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Health effects 
Cadmium is not regarded as essential to human life [1301. Humans normallY 
absorb cadmium into the body either by ingestion or smoking. For exam- 
ple, certain crops (e. g. sunflowers) and shellfish contain naturallý- accumulated 
levels of cadmium [135]. Food accounts for almost 20 % of cadmium uptake. 
smoking and drinking contribute equally to the daily uptake, i. e. 1-2 % [130]. 
Uptake through the skin (dermal exposure) is not generally considered to be 
of significance. 
Cadmium is known to accumulate in the human kidney for a relat ively long 
time, from 20-30 years. At high doses, it is also known to produce health 
effects on the respiratory system and has been associated with bone diseit. se 
[136]. Cadmium is not thought to be cytogenetic or produce hyperteiision, 
however, there has been a higher incidence rate of prostate cancer after pro- 
longed exposure [135]. 
Removal technologies 
Cadmium is present primarily as a cation in the aquatic environment. Typi- 
cally, in industrial wastewater treatment, cadmium and other heavy metals, -, Ire 
removed by lime precipitation [137). 'i\, Iore selective removal can be achieN-cd 
by carbon [138], chelating [139] or iminodiacetic acid ion exchange resins [137]. 
The latter type of resin cannot be used in some countries to treat wMer, hence 
interest is developing in weakly basic ion exchange resins which posses. S., "imilar 
properties, and are permitted in food and NN-Mer treatment [1371. 
Biosorbents have also been studied to determine cadmium removal capacities. 
Both flotation [140], algae (141], seaweeds [142] and waste brewery biomass 
[143] have been used. In addition, Gao et al. [144] have developed a hybrid 
sorbent containing both ferrihydrite and akermanite to effectively remove cad- 
mium. Hydrous oxides of aluminium, iron and manganese have also been used 
as sorbents for divalent metal ions [145,146]. 
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Chapter 3 
Production of iron oxide 
material 
This chapter reviews literature covering the formation and conditioning of iron 
oxide material, and experimental procedures used for all iron oxide samples. 
The ultimate aim of this work is to generate an iron oxide material of suffi- 
cient size and mechanical strength to be used in a column. The physical and 
chemical characteristics of the material produced that meet these criteria can 
then be compared to other iron oxide samples. 
3.1 Literature survey 
The formation of iron hydroxides, the factors that control the nucleation and 
growth of iron oxide particles are examined and methods of maximising the 
final granule size are considered. The effect of the anions used as reagents 
(particularly chloride) on the form and stability of the final product is also 
examined. 
The formation of akaganeite is highlighted which is the commercial sample of 
iron hydroxide supplied by GEH Wasserchemie. The subsequent conditioning 
of the precipitate (i. e. washing and freeze-thaw treatment) is outlined. 
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Iron chemistry 
Ferric hydrous oxides occur naturally as minerals such as goethite, hematite 
and ferrihydrite. Akaganeite is found in marine, chloride-containing environ- 
ments as a corrosion product of iron [1]. 
Iron oxides are produced by the precipitation of ferric salts. although the 
products vary in chemical structure, composition, and physical characteristics. 
Preparative techniques alter the surface area, morphology and colour of the 
final product. A diagram illustrating the complexities of iron chemistry is given 
in Figure 3.1 and Table 3.1 lists the oxides with their respective formulae. 
F ue C13+NH40H -+ Fe(OH)2 
pure solution 
hydrolysed in 
autoclave at 
120-160'C ,- 
FeC13 
FeOCI 
NaOH 
Ageing at 
400C 
dialyse 
normal 
oxidises rusting 
while 
washing 
or by 
-y - FeOOH 
H202 
(lepidocrocite) 
kept 
under 
water 
"Fe(OH)3" 
(gel or sol) 
a- FeOOH 
(goethite) 
heat under hydrolysis water at 
150"C 
heat below 
300'C 
Fe203 
he ý/ 
0- FeOOH 
(akaganeite) 
I fuse I 
NaFe 2 '0 
with NaOH 
heat 
600'C 
slowly at 
1300'C 
heat in vacuo 250'C 
careful oxidation 
Figure 3.1: Summary of iron chemistry [2] 
hcýi 
Cl - 
Fe203 
(heniatite) 
heat 
30()()'(' 
U- 
-ul--304 (magnetite) 
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Table 3.1: Iron oxide minerals 
Formula Mineral Morphology Colour 
a- FeOOH Goethite Needles Yellow 
0- FeOOH Akaganeite Rods Brown 
-y - FeOOH Lepidocrocite Plates, fibrous Orange 
6'- FeOOH Feroxyhyte Non-crystalline Brown 
Fe5H08 - 4H20 Ferrihydrite Spherical Red 
a- F0203 Hematite Cubic. ellipsoidal Bright red 
-ý - 
Fe203 Maghemite Very small Reddish brown 
Fe304 Magnetite Needles, octahedra Black 
The basic structure of all iron oxides is octahedral with a central Fe ion sur- 
rounded by 0 or OH ions. The oz-phase of a mineral is more stable thaii the 
-ý-phase and has hexagonally close packed layers of 0 and OH ions; the latter 
type has cubic close-packed layers. The Fe octahedra can be linked by edge- 
sharing or corner-sharing which results in the many types of iron oxide. The 
FeOOH oxides all possess double band edge-sharing Fe03(OH)3 octahedra. 
Only half of the octahedral interstices are filled with Fe 3+ [3]. 
Goethite forms tunnels through octahedra sharing vertices, akaganeite consists, 
of double chains of multiple octahedra joined lengthwise by sharing corners t() 
make channels, and lepidocrocite forms corrugated layers of distorted (, (Ige- 
sharing octahedra [2,4]. A diagram illustrating the structure of some iron 
oxides is given in Figure 3.2. 
The Fe06 octahedra in hematite are linked by edge and corner-sharing to 
form sheets [3]. These sheets are stacked between two layers of oxygen. Two 
thirds of the interstices are filled with Fe 3+. Magnetite has a cubic stnicture. 
with divalent Fe (11) tetrahedrally co-ordinated and trivalent Fe (111) octa- 
hedrally co-ordinated with oxygen. The iron octahedra are layered between 
close-packed sheets of oxygen [4]. 
U_ 
jut-, rrihydrite has a low degree of crystallinity, but has a similar strticture to 
hematite, hexagonally close-packed planes with Fe 3+ ions in the octahedral in- 
terstices. Not all the interstices are filled with Fe, but are replaced by H20 and 
OH, hence the formula of ferrihydrite has not been fullý- established. There are 
several types of ferrihydrite that exist, the most common being 2-line and 6-line 
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jo 
Goethite 
22%i1 
Akanete 
Hematito 
Figure 3.2: Structures of iron oxides [3] 
ferrihydrite, named after the number of peaks on an X-ray diffraction output. 
These materials are often precursors to other iron oxide phases e. g. goethite 
and hematite, the former occurring through dissolution and reprecipitation 
and the latter by dehydration and internal rearrangement [5]. 
Hydrolysis 
u-3+ exists as a hexa-aqua ion [Fe(H20)61'+ at pH < 1. Protons are eliminated 
successively in the process of hydrolysation. A precipitate will form if the final 
product possesses no charge. A typical reaction sequence is shown belo,, N- [6]: 
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Fe3+ + H20 ---+ FeOH 
2+ + H+ 
FeOH 2+ + H20 --* Fe(OH)' 2 + H+ (3.2) 
Fe(OH)+ 2 + H20 Fe(OH)3 + H+ (3-3) 
Fe(OH)3 + H20 ---> Fe (0 
H)4 + H+ (3.4) 
2Fe3+ + 2H20 ---> Fe2(OH)4+ 2 + 2H+ (3.5) 
3Fe3+ + 4H20 --- ý Fe3(OH)5+ 4 + 4H+ (3-6) 
The process of hydrolysation occurs by adding ýi base or heating a ferric '; ýilt - 
The solution pH is lowered at the onset of hydrolysation, particularly if heated. 
If pH drops too low no further hydrolysis occurs, reducing the final yield. 
U- 
rt-, rric chloride dissolves in water to form a hydrated ferric ion. At low pH, 
0.5-2, the hydrated ferric ion hydrolyses to form a mixture of loosely bound 
water molecules and tightly bound hydroxide ions. The hydroxide ions can 
then 'bridge' using oxygen atoms to form complexes with ferric atoms [7]. 
The formation of Fe-OH-Fe oxide bridges is known as olation: 
iluEle- -0H+ Fe -0 
H2 -ý -Fe - OH - Fe - +H20 (3-7) 
Oxolation involves the formation of oxobridges i. e. 
. re - 
OH + OH - Fe- ---* -Fe -0- Fe - +H 
(3-8) Fe 20 
An oxobridge results from the dehydration of two hydroxide ligands. This pro- 
cess is very pH dependent as the reactants are hydrolysed species. Generally 
both olation and oxolation occur before a heterogeneous (t-, N-o phase) systeiii 
is generated [8]. 
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3.1.2 Nucleation and growth 
The distribution of crystals in a solution depends on the relative rates of 
crystal growth and nucleation. The driving force is the difference in free energy 
between the solute in the supersaturated fluid and the bulk solid. The first 
step during nucleation is the formation of very small clusters. The surface 
area is high compared to the volume, hence the free energy is higher on the 
surface than in the bulk. The driving force must be large to overcome this 
4 activation' energy. Nucleation maybe increased by increasing the temperature 
and inducing collisions by ultrasonics [9]. 
Growth kinetics 
The rate of growth depends on [10]: 
1. The quantity of material available. 
2. The viscosity, which influences diffusion to the particle surface. 
3. The ability for the material to be incorporated into the lattice. 
4. Impurities adsorbing onto the surface of the material, which retard the 
growth. 
5. Part icle-particle aggregation. 
The growth rate of the crystal also depends on the precursor. This rate may 
be increased by stirring, i. e. by transfer of solute from the bulk to the surface. 
The rate of hydrolysis is determined primarily by the rate at which a base is 
added [11]. Localised pH differences are partially overcome by rapidly mixing 
the reagents [12]. Impurities can slow this process by being adsorbed onto the 
surface instead of the solute. 
The kinetics of ageing depend on the solubility of the precipitate. Chemi- 
cal ageing may occur with amorphous precipitates through transformation to 
another stable monohydrate. Hydrous ferric oxides are initially amorphous. 
becoming more crystalline with time [51- 
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Aggregation and size distribution 
A long nucleation period causes nuclei to form at different rates and leads 
to a polydisperse sol. Slow addition of the precursor can compensate for the 
growth of nuclei. The kinetics of crystal growth are dependent on the initial 
size. For akaganeite particles, growth occurs through aggregation of small 
single crystals. This may be caused by the formation of a large number of 
small nuclei [131. 
The greatest influence on the ageing process is the difference in solubility 
between the larger and smaller particles. If the precipitate is polydisperse, 
the larger nuclei will grow at the expense of the smaller. Hence the particle 
number decreases with time, but the average particle size increases, a process 
known as Ostwald ripening [14]. 
3.1.3 Effects of anions used on iron oxide product 
A simple assumption is that the only complexing ligands involved in the pre- 
cipitation process are OH-, H20 and 02-. Only a few anions are considered 
inert in this procedure (namely nitrate and perchlorate) and even these affect 
the final particle morphology [8]. 
The effect of the presence of different anions used as reagents on the precipitýlte 
was first recognised by Weiser and Milligan [15) and Dasgupta and Mýwkay [16]. 
Acidic solutions of ferric chloride produced beta ferric hydroxide on ageing 
[17,18]. Ferric fluoride also produced the beta form, although the structilre 
was more irregular [19]. 
Matijevi6 and Scheiner [20] found that hematite was the primary product 
in ferric nitrate precipitation (determined by X-ray analysis), with a small 
amount of goethite. Hematite was also produced by precipitation with ferric 
perchlorate, although crystal shape varies with ferric salt concentration. Lep- 
idocrocite was formed through the addition of base to ferrous salts [3]. Table 
3.2 surnmarises the effect of the anion used on the final form of iron oxide 
produced. 
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Table 3.2: Anions used in iron oxide formation 
Iron salt Type of iron oxide produced] 
Ferric nitrate Hematite, goethite 
Ferric chloride Akaganeite 
Ferric perchlorate Hematite 
LFerrous chloride I Lepidocrocite 
Anions affect the morphology of the final product. The influence niaY be 
exhibited in three ways: 
1. The anions can be incorporated to form hydrated salts rather than li. v- 
drous oxides. For example, ageing ferric salts containing phosphate,, 
result in the formation of hydroxophosphates [21]. 
2. The structure of the particle may be determined by the presence of an 
anion. One particular case is the formation of akaganeite in the pi-eseiwe 
of chloride ions [22]. 
3. The size and morphology of the oxide is strongly dependent on the naNic 
and concentration of anions present in solution [6]. 
3.1.4 Formation of akaganeite 
Nambu was the first to name the material akaganeite after the locality in xvhich 
it was found, i. e. Akagane, Japan [23]. The structure of beta ferric hydroxide 
is similar to hollandite. A summary of the numerous methods of akaganeite 
production is given in Table 3.3. 
Akaganeite can be produced by the hydrolysis of ferric chloride or fluoride at 
60-100 'C for approximately 6 hours. The slow hydrolysis of ferric chloride 
always produces akaganeite [24]. It can also be precipitated from 0.5 M ferric 
chloride at 75 'C by adding 3.5 M K2C 03 [261. Ammonium carbonate has also 
been used as a precipitating agent [19]. The dry oxidation of 3Fe(OH)2 - Fe('12 
with an intermediate product of Fe2(OH)3 * Cl transforms to akaganeite 
[23], 
Akaganeite can also be formed by the damp oxidation of FeC12 -H20 [11- 
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Table 3-3: Methods of akaganeite production 
Method Re 
Hydrolysis 
Ferric chloride [24,25] 
Addition of K2C 03 to ferric chloride [26] 
Addition of ((NH4)2CO3) to ferric chloride [19] 
Addition of urea ((NH2)2CO) to ferric chloride (27,28,29] 
Addition of NaOH to ferric chloride [3,301 
Addition of urea ((NH2)2CO) to ferric fluoride [29] 
Addition of NaCl to ferric nitrate [31] 
Oxidation 
Dry oxidation [23] 
Damp oxidation [1] 
The hydrolysis of urea can be used as a source of OH-. Nightingale and 
Benck [27] produced akaganeite by direct precipitation of an iron (III) solution 
acidified with dihydroxyethylglycine. Kanungo and Mahapatra [28] also used 
urea to hydrolyse ferric chloride under reflux. More recently, Cai et al. [29] used 
microwaves to heat a solution containing ferric chloride and urea, adjusting 
the solution pH by ammonia addition. The required heating time was great 1ý- 
reduced (90 minutes from 6.5 hours) and crystallinity of the final product 
increased with microwave heating rather than using a conventional N,, -ater bath. 
Schwertmann and Cornell [3] outlined a method using sodium hydroxide to 
partially neutralise ferric chloride. Driehaus et al. [30] also reported the neu- 
tralisation of sodium hydroxide and ferric chloride as a method of producing 
akaganeite. 
Role of chloride in akaganeite formation 
Akaganeite is formed in ferric chloride solutions due to the interaction of the 
chloride ions with the surface of the hydrous ion [23,25,32]. Murphy et 
al. [33) have shown that there was little effect on the final product if chloride 
ions were added after a certain period of ageing. Anions were possibly acting 
as bridging ligands, similar to olation (see Equation 3.7) and intermediate 
polynuclear chains were produced [34]. 
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In a freshly prepared akaganeite sample, chloride was present up to a ratio 
of 1: 5 CI: Fe [24]. The chloride trapped in the sample pores can be partiallý- 
removed by prolonged washing with distilled water [23], ammonia [24]. displac- 
ing the chloride ions with either nitrate or fluoride ions [18], and by dialy-sis 
[19]. However approximately 2% of the chloride remains [18,23]. Extensive 
washing with a base leads to transformation to goethite [1.35]. The pres- 
ence of chloride therefore affects the stability of the compound. The chloride 
(or fluoride) ions are sufficiently small to diffuse into the elongated pores and 
stabilise the structure [6]. 
The beta form on prolonged ageing oxidises to hematite [16,36]. This traiis- 
formation is an example of the Stranski rule, where the least stable forin 
(i-e. akaganeite) will nucleate first, as interfacial requirements are more easily 
met [20]. At pH > 5, akaganeite is not formed, as OH- competes with chloride 
ions, hence hematite is formed even if chloride salts are used [29]. Similarly. 
akaganeite oxidises to hematite when suspended in water and heated [36]. 
Transformation to hematite occurs at around 200 'C when heated in air, al- 
though this figure was lower with lower amounts of chloride present in the 
compound. 
3.1.5 Fýreeze-thaw process 
After the material has been aged to increase the particle size, the precipitate is 
washed and dried at room temperature to increase the solids conteiit. The iron 
oxide material produced cannot be heated to reduce the moisture content. as 
akaganeite is transformed to hematite [23]. Conventional freeze-di-ý'Iiig results 
in a powdery material, unsuitable for a column application. However the 
material can be dewatered further using freeze/thaw technology. The 
degree 
to which it is dried before freezing alters the effectiveness of this process. 
Types of water 
Water exists in four types within a sludge material, e. g. precipitate 
(see Figure 
3-3). 
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Figure 3.3: Types of water in sludge material [37] 
1. Water unassociated with the solid material is free. This does not move 
within the solid. 
2. Water held by capillary forces or held within the precipitate is known as 
interstitial water. If the aggregates break up, this water is now free Nvater. 
Some, if not all of this type can be removed by mechanical dewatering. 
3. Surface water is that held by surface forces and cannot be removed bY 
mechanical means. 
4. Chemically bound water can only be removed by thermochemical de- 
struction. 
Historically, water in precipitates and sludge material has been defined as 
either bulk water or bound water. Heukelekian and Weinburg defined bound 
water as that which does not freeze at -20 'C [38]. However, Vesilind and 
Hsu [39] determined that unfrozen water is present from several categories: 
all the water of hydration, surface water and some interstitial water. Even 
at -30 'C, some water remained unfrozen. The quantity of unfrozen water 
decreased rapidly between 0 'C and -2 'C. 
Much of the research carried out on freeze-thaw technology has been with iron 
and alum sludges from the water and waste water industries. Freeze-tha-, k, has 
also been used to dewater activated sludge, although this was found to be less 
effective due to the high salt content and dissolved organic matter 
[401. 
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Foote and Saxton [41] noted that a high proportion of water could be re- 
moved from colloidal precipitates by freezing. Vol'khin and Zolotavin ý42] first 
suggested a mechanism for the freeze-thaw process. Provided that the temper- 
ature of freezing was sufficiently low to account for the presence of dissolved 
impurities, the ferric hydroxide sludge could be successfully dewatered. Dewa- 
tering occurs through dehydration of solid particles, rather than a squeezing 
mechanism of ice crystals as first thought [43]. 
Direct and indirect methods of freezing 
Direct methods used immiscible gases with lower boiling points than the freez- 
ing point of water. Butane was used as the heat transfer was more efficient, 
despite its boiling point being only slightly lower than 0 'C. Randall et al. [44] 
noticed that cake concentrations increased with increasing exposure to butane. 
However, this method did not change the appearance of the material as in in- 
direct freezing; the latter produced a more granular material. Direct methods 
often formed a foam on the surface, which was physically removed, and after 
which there appeared to be no real improvement in dewaterability [4755]. 
Freeze-thaw has been carried out using indirect methods, e. g. using heat tnilis- 
fer between a refrigerant and sludge. Wilhelm and Silverblatt (461 used circli- 
lation of chilled brine or glycol through alum sludge. The costs Nvere higher 
for indirect methods, as a higher temperature difference wýAs required for heat 
transfer. 
The usual industrial freeze-thaw method uses a naturally cold climate to freeze 
sludge in large open beds [37]. Most of the experimental work studying the 
effects of freeze-thaw technology employs some form of anti-freeze bath con- 
trolling the rate at which the samples are lowered into the bath [47,48,49]. 
A conventional freezer has been used by some researchers without the use of 
controlled freezing [37,40,50]. 
Ice front progression 
Ice crystals grow incorporating water, rejecting dissolved impurities and solid 
particles to the boundary of the ice front, where they are compressed or 
de- 
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hydrated. This is known as gross migration (511. This process requires a slow 
rate of freezing to allow for the diffusion of water to occur [40). Water moves 
from within the material to the surface to be incorporated into the ice (rystal. 
effectively dehydrating the particle. 
Halde [52] has shown that smaller particles benefit from this conditioning 
process, as smaller colloidal particles are pushed together to form aggregates 
[371 (see Figure 3.4). 
Good 
Water 
Flow 
Freezing 
isotherm 
Figure 3.4: Ideal ice front progression [51] 
Once the free water is frozen, water molecules inside the solid are exti'acte(L 
making the material more solid. Larger particles, greater than 100 pin, an, 
trapped without moving, forming large flocs [48] ,a process 
known as imcronii- 
gration (Figure 3.5). Micromigration dewaters the sludge to a certain degree, 
but does not enhance the strength of the material. 
Effect of salt concentration 
Dissolved ions affect the freezing point of the water and slow the rejection 
of the particle from the ice-water layer. The presence of impurities such as 
sodium chloride make the ice front progress in an uneven way [40] and lower the 
freezing point of the ice front (Figure 3.6). This in turn reduces the material 
movement which affects the material morphology [48]. 
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Figure 3.5: Ice front progression with micromigration [51] 
Jean and Lee [53] found that the type of electrolyte present a's an impurity did 
not greatly alter the efficiency of the freeze-thaw process. Salts with both a 
higher and lower freezing point than the experimental temperature exhibited 
a similar effect on the filterability of the final product. However, no reference 
was made to the effect on the sample morphology or strength of floc produced. 
Effect of freezing rate 
Fast freeze methods have been investigated and the resulting product was 
weakly-linked aggregated material [54]. Hung et al. [47) and Chen ct al. [55] 
found that that the filterability of activated sludge was improved, but tlie 
particle morphology was generally unaffected by a high freezing speed. Instant 
freezing was not sufficient to dewater the material [51]. 
Effect of time and temperature of freezing 
Many reseaxchers [37,49,53] have noted that an increased freezing time in- 
creases the effect on the final product morphology. Logsdon and EdgerleY [51) 
found that leaving sludge frozen for a period of time rather than immediate 
thawing increased the dewaterability. Vesilind and Martell [37] determined 
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Figure 3.6: Ice front progression, in the presence of dissolved salt 
[51] 
that a lower freezing temperature resulted in better filterability of the shi(l, ý,, (, 
for a similar freezing time. 
3.2 Experimental method 
A summary of the experimental methods of iron oxide materials used for ad- 
sorption experiments (designated GEH, NN and VL) is given in the following 
section. Details of the freeze-thaw rig used to condition sample NN NvItIl op- 
timum experimental parameters are outlined. The three samples Nveie com- 
pared physically (by scanning electron microscopy and X-ray diffraction) to 
a synthetic akaganeite. An experimental procedure for this material is also 
provided. 
3.2.1 Chemicals used 
The NN and synthetic akaganeite were prepared from FeCl3.6H., O, and vL from 
anhydrous FeC13 in addition to NaOH pellets, all purchased from Fisher, UK. 
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3.2.2 Sample GEH production 
The exact production method for GEH is unknown. However some information 
has been provided by the manufacturer. Sodium hydroxide and ferric chloride 
were contacted at 40 'C. The resulting precipitate was washed, passed through 
a membrane then stored in plastic tubs. The tubs were conditioned in sitil 
with a solids content as low as 15 %, then left to naturally dewater. until the 
volume was reduced by 75 %. The equilibrium pH of the product was 7. 
3.2.3 Akaganeite production 
A pure sample of the mineral akaganeite was produced using the partial neu- 
tralisation of ferric chloride, outlined by Schwertmann and Cornell [3]. 26.9 g 
FeC13 - 6H20was dissolved in 100 ml deionised water, i. e. a1 molar solution 
was prepared. 75 ml IM NaOH was added to partially neutralise the solution. 
A temporary brown precipitate formed which redissolved on shaking to give a 
dark brown solution. The vessel was left for two days, after which 20 ml 10 'M 
NaOH was added to the vessel and the mixture heated at 70 'C in an oven for 
one week. 
The resulting precipitate was washed with delonised distilled water and filtered 
using a Buchner funnel. The filter cake was frozen at -20.5 'C and then 
placed in a freeze-drier for 17 hours. The sample was then refrozen at the 
same temperature for a further 24 hours. 
3.2.4 Sample NN production 
I litre each of 0.1 M hydrated ferric chloride and 0.3 M sodium hydroxide 
(following stoichiometric quantities) were added simultaneously to a plastic 
beaker, using a double-headed positive displacement pump. The contents of 
the beaker were held at 40 'C using a water bath. A schematic diagram of the 
experimental set up is given in Figure 3.7. The flowrate of both the reagents 
was approximately 30 ml/min. The pH of the reaction was maintained at 
4.2 
± 0.1, by slight adjustment to the flow of sodium hydroxide. 
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0.3 M FeC13 
0.1 M NaOF 
Thermometer 
Figure 3.7: Experimental rig 
Throughout the reaction the material was vigourously stirred and the temper- 
ature was maintained at 40 'C. The contents of the beaker were stirred further 
for one hour to allow the reaction to reach equilibrium, i. e. there was no change 
noted in the pH. The vessel was removed from the water 1xith, covered and 
left for four days at room temperature (approximately 18 'C). From previous 
experimental work this has been shown to be the optimum ageing time for Ole 
material (see Table 3.5). The final pH of the material was approximately 4 
0.05. 
After the ageing period, the supernatant was removed and the remaining mate- 
rial was washed by decantation with 16 bed volumes of tap water. Decantation 
was carried out four times, i. e. four bed volumes of tap water were used each 
time to wash the sample. After washing, the sample was allowed to settle, the 
excess water removed by decantation and the precipitate immediately filtered 
using a Buchner funnel and a Whatman 3 filter. The filter cake was removed 
and left on a warm surface (approximately 25 'C) until the solids coiiteiit was 
in the range 25-30 %. 
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Previous experimental work has shown that the freeze/thav%- process is effective 
with a solids content greater than 20 % (see Table 3.5). The solids content -a,, 
determined by weighing approximately 0.5 g of the moist sample, transferring 
to a ceramic crucible and heating at 105 'C in an oven. After 30 minutes. 
the crucible was removed from the oven, placed in a dessicator to cool and 
reweighed. The crucible was again placed in the oven for a further 1.5 mintites, 
after which a similar procedure was used to reweigh the sample. If no change 
was observed in the sample weight, this value was used to calculate the solids 
content. This was found by dividing the final weight by the initial weight. 
Impact of variables on granule size 
Several different variables were studied for their effect on the final particle size 
of the material. The parameters studied can be found in Table 3.4. 
Table 3.4: Variables studied for their effect on final particle size 
Variable Range I Default 
Reagent used Hydrated or anhydrous Anhydrous ferric 
ferric chloride chloride 
Flowrate of reagents 15,30,60 ml/min 60 ml/min 
Washing method None, decantation, Buch- Decantation 
ner funnel 
Solids content 25-35 % 25 % 
Freezing method Controlled, uncontrolled, Controlled 
graduated uncontrolled, 
and supernatant removed 
then placed in freezer 
Freezing rate 17 2 '/hr I '/hr 
It was found that controlled thawing did not increase the final particle size. 
However the parameters that have caused an appreciable increase in granule 
size are the solids content of the material, the flowrate of the reagents, the tvpe 
of reagents used and controlling the freezing process. From the data collecte(-I. 
the optimum conditions are outlined in Table 3.5. Prior to use in adsorptl()Il 
experiments the material was crushed in an agate mortar and pestle. siew, (l 
and the size fraction 150-300 pm used. 
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Table 3.5: Optimum conditions for the production of NN 
Variable um value 
Solids content 25-30'/0 
Flowrate of reagents 30 ml/min 
Type of ferric chloride FeC13-6H20 
Method of freezing Controlled freezing at 1 '/hr 
Method of thawing Left overnight in the fridge at 7 'C 
Freeze-thaw method 
Much of the freeze-thaw literature involves the slow lowering of samples into 
anti-freeze baths [47,51,52]. A rig was developed to control the rate of freezing 
(Figure 3.8), although there was no restriction on the direction of the ice front 
progression. Figures 3.9 and 3.10 give the dimensions of the rig. 
Screws 
Rig lid 
Aluminium container 
OW 
ýrs 
temperature probe 
Figure 3.8: Freeze-thaw rig 
On reaching the desired solids content, the sample (approximately 3 g) was 
placed in a plastic cup and loaded into an a1uminium chamber placed within 
an industrial freezer. The setpoint of the West 6100 controller was set to 
0T 
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and left to stabilise for 3 hours. This ensured that all the samples were frozen 
starting from the same temperature. After the controller had stabilised. the 
ramp rate was set to -1 'C/hour, the smallest available ramp rate available 
on the controller. The final freezing temperature was -20 'C at which the 
rig was held for 24 hours. The material was then removed from the rig at 
this final freezing temperature and placed overnight in a fridge at 7 'C. The 
sample (granule size 1-3 mm) was finally placed into a glass vial. flooded with 
deionised water and sealed. 
010 
Hole for fitting PT 100 probe 
All dimensions in mm 
Figure 3.9: Freeze-thaw rig lid dimensions 
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3x screw holes 
3x 30W heaters 
Rubber seal 
lo 
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Figure 3.10: Freeze-thaw rig body dimensions 
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3.2.5 Sample VL production 
Another iron oxide sample (VL) was generated by V Strelko, based on a larger 
scale production. 25 L 0.9 M NaOH was added at 150-270 ml/min to 25 L 
0.3 M FeC13 held in a glass reactor at 40-50 OC by a steam heat exchanger. 
Continuous mixing of reagents was maintained by a stainless steel stirrer. The 
reaction was terminated when pH 5.5 was reached (after 1-5-3 hours), but 
stirring continued for another hour. After 30 litres of wash water was added. 
the settled volume of the precipitate was 19 litres. 
The slurry was initially dewatered by a ceramic cross-flow microfilter (0.14 pm 
cut-off), reducing the precipitate volume to 10-12 litres. After which the 
material was left as a thick cake to air dry for 3-5 days on performed sheets, 
rather than employing a freeze-thaw method. -Moisture content of the 
fiiial 
material (determined by the method described in section 3.2.4) was 20 Vc. 
Hence the total amount of material produced was over 3 kg. The resulting drY 
material formed large chunks which were washed, crushed and sieved before 
being used for adsorption experiments. 
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Physical characterisation 
Two samples produced in the laboratory (NN and VL), and a commercial saill- 
ple (GEH) were compared by measuring their specific surface area and pore size 
distribution. These parameters are important for adsorption, as a large surface 
area and pore size increases the number of active sites available for adsorp- 
tion. In addition, scanning electron micrographs (SEM) and X-ray diffractioii 
(XRD) were completed. SEM provides visual information on the morphology of 
the samples. XRD analysis characterises the material by its crystal 'stmoui-e. 
The chemistry of iron is complicated., as illustrated in the previous chapter, 
and small changes in reaction conditions can greatly effect the final product. 
Therefore XRD can be used as a form of quality control to identify the phases 
present in the final iron oxide material. 
4.1 XRD theory 
The crystal structure of each material is unique and depends on how it.,, atoms 
are ordered in planes and axes. The intercept of these planes with the symme- 
try axis determines their position within the crystal lattice. The atoms interact 
with the electromagnetic properties of the X-rays causing them to scattei 
The 
majority of the waves are made extinct through destructive interference: 
hox- 
ever, some are enhanced by constructive interference. The 
direction of these 
latter waves is related to the distance between the atomic planes, 
knowii as 
d-values7 and the Bragg angle 0 (Figure 4.1). 0 is the angle at which the waves 
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hit the crystal producing the maximum interference. The Bragg equation links 
this angle of scattering to the d-values as follows [1]: 
Ray 2 
Reflected rays 
Ray I 
dl 
0 
00 
00 00 Plane 
-1 
00000 
Figure 4-1: X-ray diffraction between planes of atoms 
nA = 2dsinO 
where A wavelength used (nm) 
n order of reflection 
(4.1) 
The output is the observed intensity plotted against Bragg angle. from which 
the d-values are calculated. The type of radiation iistuffly used for iron samples 
is either CoKa or FeKa. If CuKa is used, the observed intensity is much lower, 
as iron absorbs much of the radiation. 
4.1.1 d-values of common iron oxides 
Each crystalline product has characteristic d-values that can be found on ref- 
erence cards in the Joint Committee on Powder Diffraction Standards 
(JCPD, ", ) 
mineral powder diffraction file. A compound can be identified by coniparing 
6ý, - 0 Plane I 
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the calculated d-values against the JCPDS diffraction file of iron oxides. sum- 
marised in Table 4.1. The values are in order of intensity; the greatest is listed 
first. 
Table 4-1: d-values of iron oxides, adapted from Schwertmann and 
Cornell [1] 
Mi eral Most intense d-values 
Hematite 2.70, 3.687 2.52 
Magnetite 2.53, 1.49, 2.97 
Goethite 4.187 2.457 2.69 
Akaganeite 3.33, 2.55, 7.47 
Lepidocrocite 6.26, 3.29, 2.47,1.94 
Ferrihydrite 2.547 2.24, 1.97,1.73,1.47 
Feroxyhyte 2.547 2.22, 1.69,1.47 
4.2 Specific surface area and pore size analysis 
The specific surface area is a key functional parameter for an adsorbent. The 
analysis of various ferric compounds, namely NN, GEH and VL, were completed 
using nitrogen adsorption. 
Summaries of adsorption theory, Langmuir and BET equations are giveii. The 
resulting isotherms from nitrogen adsorption can be classified and it pore size 
distribution extracted from the 6ta. The types of isotherms and li. ystere- 
sis loops are outlined, in addition to the various methods used for pore size 
distribution determination. 
4.2.1 Adsorption theory 
When a disperse solid is exposed to a gas in an enclosed space at a known 
pressure, the solid will adsorb the gas. After a period of time, the pressure 
will become constant. The extent, of gas adsorption on a porous solid 
depends 
on the temperature, pressure and the molecular size of the gýis. and available 
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surface area. The amount of gas adsorbed can be calculated from the change 
in pressure, if the volume of the vessel and solid are known. 
Hence for a known gas held at a specified temperature., the amount of gas 
adsorbed is solely dependent on the pressure and therefore an adsorption 
isotherm can be constructed (volume adsorbed vs. relative pressure, (pres- 
sure/saturated vapour pressure, plp')). The surface free energy is reduced by 
adsorption, hence entropy is reduced. It is an exothermic process. with the 
heat of physical adsorption being similar in magnitude to the heat of conden- 
sation [2]. 
Langmuir equation 
Langmuir [3] was the first to present a kinetic approach to adsorption. 
was based on a flat surface with zero accumulation on the surface. i. e. the rate 
of adsorption is equal to the rate of desorption. It is assumed that the energY 
of adsorption is constant, implying that the surface is uniform and mormlaver 
coverage is reached at saturation. 
BET equation 
The BET equation (Equation 4.2) is based on kinetics and is a modified version 
of the Langmuir isotherm with multilayer, rather than monola, yci- a(Isorption 
[4]. The previously adsorbed layer serves as adsorption sites for the next IaYci- 
and so on. Generalising the Langmuir equation maintains the disa(lvantage 
of the assumption that the surface is energetically uniform, i. e. all adsorp- 
tion sites are equivalent and that there is no interaction betNN-een adsorbed 
molecules. It is also assumed that at saturated pressure the number of layers 
are infinite. 
The BET equation is restricted in its validity to a relative pressure (plpo) 
in the range 0.05-0.35 [5]. The lower limit is set so as not to include the 
heat of adsorption for the first layer of molecules, which is much greater than 
subsequent layers. The BET equation breaks down at relative pressures > 0.35 
and over-predicts adsorption by computing a high entropy value [6]. 
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p+cp 
0 x (p - P) Xm C Xm C PO 
where x adsorption capacity (mmol/g) 
X,, monolayer adsorption capacity (mmol/g) 
P pressure (Pa) 
P, saturation pressure (Pa) 
C BET constant 
(4.2) 
The specific surface can be calculated if the *knee' (point B in Figure 4-2) on 
the isotherm is well defined. This would be characterised by a high valtie of 
the BET constant c. x,, represents the monolayer adsorption capacit ,v and 
is 
calculated from the BET equation (Equation 4.2), assuming one molecule of 
2 nitrogen occupies 16.2 A. 
4.2.2 Isotherm classification 
The isotherm produced from nitrogen adsorption can usually be identifiecl ýIs 
one of five classes proposed by Brunauer, Deming, Deming and Teller (BDDT) 
[7] in addition to a stepwise isotherm (see Figure 4.2). Table 4.2 provides a 
summary of the characteristics of each isotherm, degree of porositY and an 
example system. 
The Type IV isotherm which describes the adsorption for ferric hydroxide 
can be used to calculate the specific surface of the material and the pore size 
distribution [7]. Type IV is characteristic of a material possessing a pore size 
distribution in the range of up to hundreds of angstroms. The definition of 
pore size as recommended by iupAc is an arbitrary classification. developed 
using nitrogen as an adsorbent at its normal boiling point [8]. Pores widths 
than 20 A are given the term micropores, between 20 and 500 A are mesopores 
and greater than 500 A are macropores. Each classification has a particular 
significance in terms of the adsorption isotherm (see Table 4-2). 
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7ý 
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V VI 
Relative pressure, p/po 
Figure 4.2: Classification of BDDT adsorption isotherm [7] 
Table 4-2: Types of isotherms, characteristics and examples 
Type I Characteristics Example system Reference 
I Microporous with Oxygen on ýictivated carbon [7] 
small internal surface 
1I Reversible non-porous Nitrogen on iron cýitýAlysf [5] 
or macroporous 
III Adsorbent-adsorbate Water vapour on non-porous 191 
interaction is weak carbon 
IV Hysteresis loop with a. Benzene on iron oxide gel [5] 
plateau, mesoporous 
V Adsorbent- adsorbate Water on charcoal [7] 
interaction is weak, 
porous 
VI Stepwise multi-layer, Argon on graphitised carbon [8] 
non-porous black 
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During the adsorption process, the adsorbate diffuses through the pores of 
the solid. Initially this is through the smallest, or micropores. These sites 
have the most energy and have greatest polarity. As the pressure increases, 
the adsorbate molecules diffuse to larger and therefore less energetic pores. 
In monolayer coverage, all the molecules are in contact with the surface. For 
multilayer adsorption, only the lowest layer is in contact with the surface [8]. 
Hysteresis loop 
Capillary condensation of the adsorbate is evident in the hysteresis loop (see 
Figure 4-2). There are several types of hysteresis loop (Figure 4.3) ranging 
from near-vertical parallel branches (M) to near-horizontal parallel adsorp- 
tion/desorption branches (H4). 
C 
0 
E 
Hl H2 
N 0, 
H3 H4 
Relative pressure 
Figure 4.3: Types of hysteresis loop [9] 
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H1 hysteresis loop is common for agglomerated material with uniform spheres 
and a narrow size distribution. Inorganic oxides produce H2 loops, indicative 
of poorly defined pore size and shape. H3 and H4 are associated with material 
possessing slit-shaped pores; the former is typical of aggregates and the latter 
of microporous materials. Common to all hysteresis loops is the steep closure 
point in the desorption section, characterised by the nature of the adsorbate 
used. For nitrogen at its boiling point, this occurs at p1po - 0.42 [8]. 
At a low equilibrium pressure, a monolayer of the adsorbate develops on the 
adsorbent surface. Subsequent layers are built up, the thickness increasing 
with increasing pressure until the pores are filled with the adsorbate, illustrated 
by the lower line of the hysteresis loop. Thereafter the adsorption is restricted 
to the exterior of the material. 
On desorption the adsorbate forms a meniscus across the pore and evaporates 
when the pressure of the system drops below a critical value [6]. This critical 
value is determined by the pore radius from the Kelvin equation [9]: 
11T 
+1 A-1 
) 
In( 10) 
ri r2 1ý vp 
where po = saturation vapour pressure (Pa) 
p critical pressure (Pa) 
ly 1 surface tension of liquid condensate (N m-1) 
vi molar volume of the liquid condensate (cm 
3 mol-1) 
r 1,2 principle pore radii of curvature in the 
liquid meniscus (A) 
R universal gas constant (J mol-1 K-1) 
T temperature (K) 
(4.3) 
Hence the critical pressure is less for smaller pores than for larger ones. The 
difference in methods for adsorption and desorption are evidence for the ex- 
istence of a hysteresis loop. However, there are two relative pressures with 
corresponding radii values, the desorption pressure always the 
lower and more 
likely to represent the true equilibrium value [10], this value is used 
in calcu- 
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lating the pore size. Below a certain pressure pores do not undergo cap'llary 
condensation, but fill continuously with increasing pressure. Hence, at lower 
relative pressure values the adsorption and desorption values are coincident. 
Equation 4.3 can be used if it is assumed that the pore size and shape con- 
trol the meniscus curvature. Below 20 A the Kelvin equation is not reliable, 
due to solid-fluid interactions being ignored [11]. Adsorption forces increýise 
with decreasing pore size [12] and hence its accuracy decreases. This leads to 
pore size underestimation by overestimation of the thickness correction of the 
adsorbed film. 
4.2.3 Pore size distribution 
There are several methods for determining the pore size distribution (PSD) 
from isotherm data. Some have a mechanistic basis (e. g. Barrett, Joyner and 
Halenda (BJH) and Dubinin-Stoeckli (D-S)), Horvarth-Kawazoe (11-K) uses a 
quasi-thermodynamic approach and the density functional theory (DFT) is 
generated by statistical thermodynamics. The advantages and disadvaiitages 
of these different methods are outlined below. 
Mesopore determination 
PSD based on the Kelvin equation, such as the BJH method [13] asstime there 
are no micropores and that the material exhibits a regular pore stnichire 
[8]. The BJH method is only suitable for mesoporous size anal. ysis and is 
incompatible with the H-K, D-s and t-plot methods [14]. 
Micropore determination 
Much of the work in this area of determining micropore volume was completed 
by Dubinin and his co-workers [15,16]. Other methods include the t-plot 
modification and the H-K method [17]. However there has 
been some doubt 
as to their ability to describe micropore adsorption realistically 
[181. 
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More recently interest has developed in a model using a densitV functional 
theory (DFT) to calculate model isotherms. From this data a n(-)rp -ý17P 
tribution can be generated using a deconvolution technique. A slit-like or 
cylindrical shape pore geometry is assumed [19). This has enabled a method 
to describe the entire pore size range, rather than that limited by the Kelviii 
equation (Equation 4.3). For more details regarding the DFT approach see 
[20]. 
There is a characteristic drop in the PSD using DFT model between 8-10 A. due 
to the packing effect of adsorbate molecules in the pores. Initially a monolayer 
is formed in the narrowest pores, a process known as volume filling. After a 
critical pore value, a second layer is required to fill the pore. This lead', to 
an abrupt increase in adsorbate uptake, indicating the onset of niultiLAycr 
formation [19]. 
This model does not take into account the heterogeneity of the pore walls, 
namely geometric and energetic differences [21]. In addition, electrostatic 
interactions are not considered in the DFT model, which assumes spherical 
adsorbate molecules and interaction solely by van der Waals forces [18]. This 
leads to an underestimation of the PSD. 
4.3 Experimental procedure 
An outline of the experimental methods used for specific surface area and 
pore size determination, scanning electron microscopy (SENI) micrographs and 
X-ray diffraction (XRD) analysis is given below. 
4.3.1 SEM 
Scanning electron micrographs were taken on a Cambridge Instrument sterco 
scan 360 microscope at room temperature. The normal second electron mode 
(i-e. not back scattering) was used and the accelerating voltage was set to 
10 W. Prior to analysis, the iron oxide material was dried in a N-acuum oven 
at room temperature, then mounted using PVA glue on an aluniinium platform 
and gold coated. 
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4.3.2 XRD 
For all the samples a Philips PW1050 goniometer with a copper X-ray tube 
was used. A graphite monochromator with a1' divergence slit, I' scatter 
slit and a 0.2 mm receiving slit was added. A Hilton Brooks nucleonics and 
automation system was also used. 
Prior to analysis all samples were dried in a vacuum oven at room temperature. 
An agate mortar and pestle was used to crush the material before pressing into 
an aluminium holder. XRD scans were carried out in the range 10-80 ' at 0.05 
step size and 0.2 '/min. 
4.3.3 Surface area and pore size analysis 
A similar method was adopted for each sample, using a Micromeritics ASAP 
2010 analyser. All samples were dried in a vacuum oven at room temperature 
before sampling. The glass tubes used in the analysis were degassed for ap- 
proximately one hour, until the vacuum was below 50 mmHg, back filled with 
nitrogen then removed and weighed. A quantity of iron oxide was then mea- 
sured on a Sartorius BP210D balance, accuracy ±0.0005 g, and transferred 
to the sample tube. The sample was degassed to remove volatile compomids 
(e. g. carbon dioxide and oxygen) attached to the material surface. The sample 
mass was then determined by reweighing the glassware. The tube was degas'. "ýed 
again until the vacuum fell below 50 mmHg. The stability of the vacuum was 
established by backfilling and comparing the pressure in the tube. 
The actual analysis for specific surface area used liquid introgen at its boiling 
point, 77 K. The sample tube was degassed after insertion in a liquid nitrogen 
bath. The tube free space was then measured using helium (as helium does 
not adsorb onto the solid surface) at room temperature and at 77 K. To enable 
the sample to be analysed, nitrogen was added until the first equilibrium point 
was reached. 
77 
Chapter 4. Physical characterisation 
4.4 Results 
4.4.1 SEM 
A description of the results found from SEM micrographs for all samples are 
given below. They are compared to a synthetic akaganeite. also prepared in 
I 
the laboratory. 
4.4.2 Akaganeite 
A pure sample of the mineral akaganeite was produced using the partial neu- 
tralisation of ferric chloride, as described in Section 3.2.3. 
9W7 
10 JLM 
Aft 
ýi-. ý 500 pm 
Figure 4.4: SEM image of synthetic akaganeite 
The product appears to have a, crystalline structure (shown in 
Figure 4-4). The 
average particle size is quite large, 500-650 pm. The crystal structure is also 
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longer and thinner, unlike the other samples, which are more spherical. There 
appear to be impurities on the surface, which could be sodium chloride, a by- 
product of the reaction procedure. The surface is smootli. witil no aggregate 
material. 
4.4.3 Sample NN 
This sample was produced in the laboratory at Loughborough University (see 
Section 3.2.4 for method). The structure (shown in Figure 4.5) appears to be 
robust and without aggregated material. On the surface there is some fine 
material. There is no visual evidence of any pore structure at the resoltitioii 
used. 
100 [IM 
10 MM 
Figure 4.5: SEM image of sample NN 
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4.4.4 Sample GEH 
The information regarding the production of sample GEH is given in Section 3.2.2. The SEMS for the sample GEH are similar to NN (Figure 4.6), although 
the surface appears rougher and has more surface fines. 
L k--ý 100 lim 
20 pm 
Figure 4.6: SEM image of sample GEH 
4.4.5 Sample VL 
The last sample, VL was also produced in the laboratory at Loughboroil-11 ]U111- 0 
versity (see Section 3.2.5 for method). The material is granular in appearance 
with some fines oil the surface (Figure 4.7). 
so 
Chapter 4. Physical characterisation 
F 
100 pm 
20 /-tm 
Figure 4.7: SEM image of sample VL 
4.4.6 XRD 
Akaganeite 
A sample of pure akaganeite was produced accordiii(-)) to ýt nictliod of' 
neutralisation of ferric chloride, as described by Schwertmarin and Cornell [1]. 
The details of the peaks from XRD analysis are given in Figure 4.8. The XRD 
scan was used as a comparison for the other iron oxide materials. 
Other iron oxide samples 
The XRD output for sample NN (Figure 4.8) shows that it is aniorphotis. 
i. e. that there is no evidence of strong distinct peaks, which would be ex- 
pected from a more crystalline material. Conversely both the commercial 
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XRD data for all samples compared to synthetic aka- 
sample GEH and the other laboratory produced sample, VL. exhibit a higher 
degree of crystallinity, comparable to that of synthetic akaganeite (see Figtire 
4-8). Both the latter samples are not pure, as there is a peak ýissociate(l witli 
hematite (33 '), VL showing a stronger intensity implying a greater quantit, v 
of the impurity is present. 
Cai et al. found that reaction pH affected the crystallinity of the final iron 
oxide product. Nucleation and growth occurred most rapidly at pH < 1.5 
(Figure 4.9). At low pH the peaks are narrow and distinct. at higher pH there 
are two wide peaks for the diffraction pattern at pH 4 (the production pH for 
sample NN), similar to Figure 4.8. At pH > 6, the iron oxide produced wa-., -, a 
mixture of goethite (G) or hematite (H) [22]. 
Therefore, the reaction pH does affect the final nature of the iron oxide ma- 
terial. Sample VL was not prepared at a constant pH, but _NaOH was added 
to ferric chloride until the pH was 5.5. Hence akaganeite may have formed 
initially whilst the pH < 5, after which hematite began to form. as hydroxide 
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Figure 4.9: XRD patterns of akaganeite prepared at different pH 
values [22] (G =: goethite, H == hematite) 
is more competitive for structural sites than chloride [1]. Chloride (or fluoride) 
is essential for the formation of akaganeite as it brings stability to the tunnel 
structure [23]. 
The time of ageing the precipitate can also be a contributing factor to increased 
crystallinity. The longer a material is left the more crystalline it becoilics. 
Further details regarding the time of ageing or reaction pH are not, supplied 
for sample GEH, but the XRD outputs are very similar. It may be iissumed 
that these variables are comparable to those used for VL. 
Ellis et al. [24] state that the quantity of chloride present in the final prodlict 
effects the XRD output, a lower chloride content causes peak broadening. Sec- 
tion 5.3.3 indicates that VL possesses the highest quantity of chloride. followed 
by GEH and NN chloride content is significantly lower than the former samples. 
Chloride content of the samples would be affected by the degree of washing. 
This trend is reflected in the degree of crystallinity. 
A final factor that could affect the nature of the product formed is the tem- 
perature of reaction. However all samples were prepared at 40 'C, therefore it 
is not a contributing parameter. 
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4.4.7 Specific surface area and pore size analysis 
The BET surface area and average pore size values are given in Table 4.3. All 
samples have a reasonable specific surface area, 200-300 m2 /g and the aý'erage 
pore size implies that the material is primarily mesoporous. A high c constant 
indicates a strong energy of adsorption. 
Table 4.3: BET surface area and average pore size values 
Sample BET surface c value A erage pore 
area (m'/g) size BET (A) 
NN 240 206.8 40 
GEH 310 89.7 29 
VL 204 116.92 53 
All three samples had a comparable specific surface area to that of Deli ct 
al. [10] who produced akaganeite material at room temperature witli a spe6fic 
surface area of 330 m'/g. However, this material was nanocrystalline NN-Ilich 
could account for the high specific surface area. Gonzalez-Calbet and Alario- 
Franco determined a BET surface area of 70 m'/g with -N 2 as an adsorbent 
for akaganeite produced at 70 'C [25]. Crosby et al. [26] determined the BI-'I' 
surface area of a number of ferric oxide materials, all were in the range 160-- 
230 M2 /g and were identified as an amorphous material, am-FeOOH. Geiicrid1v 
the higher degree of crystallinity, the lower the specific surface area. 
Nitrogen adsorption isotherms 
All three samples (Figures 4.10-4.12) show a Type IV isotherm (see Figure 
4.2), with hysteresis in the desorption curve. This is a characteristic of meso- 
porous substances, where capillary condensation occurs. A bottleneck effeo 
between micropores and mesopores causes adsorbate condensation to occur. 
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[10] 
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A small pressure difference is required when nitrogen is adsorbed onto the 
surface. On desorption, however, a higher pressure difference is required to 
enable the nitrogen to desorb back into the micropores. 
The shape of the hysteresis loops differ for the samples. The adsorption 
isotherm for sample NN does not have a well-defined loop (Figure 4.10), indi- 
cating a small amount of mesoporosity and presence of slit-shaped pores [27]. 
GEH and VL on the other hand have a more defined desorption loop and there- 
fore greater mesoporosity. The desorption branch closure is not very steep 
which indicates that the diameters of the pores axe not particularly uniform 
[28]. The nitrogen adsorption isotherms for these latter samples concur with 
that produced by Deli et al. [10]. The shape and magnitude of the hystere- 
sis loops are similar, although there is no evidence of macropores at a higher 
relative pressure (Figure 4.13). 
The initial steep gradient to the 'knee' of the isotherm reveals that there are 
some micropores present in all iron oxide samples. Figure 4.11 indicates that 
GEH has the greater number of micropores, as it has the highest quantity of 
adsorbed nitrogen in the initial portion of the isotherm. Sample NN has a 
comparable number of micropores (Figure 4.10) while VL possesses the lowest 
amount (Figure 4.12). This trend in micropore content is mirrored in the trend 
of specific surface area (Table 4.3). 
The quantity of micropores could be related to the pH control during produc- 
tion. The pH of both samples GEH and NN were controlled to a constant value 
throughout the reaction procedure. Conversely VL was produced by adding 
NaOH to ferric chloride until the pH > 5.5. This lack of control could lead to 
a more heterogeneous material with less micropores. 
At higher relative pressures, there is an abrupt increase in nitrogen adsorption 
which indicates the presence of macropores [28]. Both NN and VL possess 
a higher degree of macroporosity, particulaxly NN as more than half of the 
total nitrogen adsorbed occurs at high relative pressure. A greater number 
of macropores would decrease the specific surface area (Table 4.3), as these 
contribute only 1-10 % to the overall figure [13]. 
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Pore size distribution 
The pore size distributions (PSD) generated by the DFT model (Figure 4,14) 
for samples GEH and VL have comparable shape and magnitude. and hence 
similar quantities of mesopores. Deli et al. produced a material which had a 
similar nitrogen adsorption isotherm to samples GEH and VL. However, Figure 
4.15 illustrates that this material possesses a much narrower PSD [10]. due to 
the nanocrystalline nature of the material produced. 
Sample NN appears to have fewer mesopores which correlates with the slight 
hysteresis seen in Figure 4.10. Moreover Figure 4.16 shows that samples VL 
and NN have a reasonable degree of macroporosity. This again concurs with 
the adsorption isotherm shape, i. e. a rapid increase in nitrogen adsorption at 
very high relative pressures (Figures 4.10-4.12). It would be expected for an 
amorphous material (NN) to have a high degree of macroporosity, evidelicc of 
a poorly crystalline material. The presence of larger pores in sample vi, could 
be due to poor pH control, increasing the surface heterogeneity. 
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Figure 4.14: Lower range DFT pore size distribution of all samples 
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The disparity between the average pore size (given in Table 4-3) which indi- 
cates all samples are mesoporous and the data found in Figure 4.16, implying 
a high degree of macroporosity for samples NN and VL can be explained as 
follows. The BET method for pore size determination relies on the Kelvin 
equation (Equation 4.3), which does not take into account solid-fluid interac- 
tions. Hence, the equation is only reliable in the pore size range 20 A<x< 
250 A. At lower pore radii the pore size is underestimated, as the adsorption 
forces are underestimated [121. At higher values it becomes increasingly dif- 
ficult experimentally to obtain the pressure differences necessary to calculate 
pore size; a relative pressure of p/pO = 0.95 corresponds to a radius of 200 A 
[7]. DFT does not use the Kelvin equation, but models gas adsorption using 
statistical thermodynamics and hence is able to determine much larger pore 
size ranges [18]. 
4.5 Conclusions 
SEM identifies that all the materials studied are robust and granular, not ag- 
gregated, and that samples VL and GEH appear to have fine material on the 
surface. All three samples have a more powdery surface than the synthetic 
akaganeite, which appears to have some surface material, probably NaCl, a 
by-product of the reaction. 
Nucleation and growth for akaganeite formation occur most rapidly at pH 1.5. 
As the pH of the reaction solution increased, the peaks from X-ray 
diffaction 
(XRD) analysis become broader, indicating a decrease in crystallinity. 
There 
is a similarity between the GEH and VL samples and the pure sample of aka- 
ganeite. The XRD output signal for GEH and VL is stronger with more 
distinct 
peaks, implying a higher degree of crystallinity. The peaks 
do not exactly 
match up, indicating that there axe probably two phases present 
in the sam- 
ple. 
The quantity of chloride in the final product also effects 
the width of XRD 
peaks. VL contains the most chloride and has the strongest output and most 
distinct peaks, followed by GEH with intermediate crystallinity and chloride 
content and NN possesses the lowest chloride content and produces wide 
XRD 
peaks, indicating that it is amorphous. 
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The presence of other phases, particularly in the VL sample could be due to the 
change in pH throughout the reaction procedure. The pH was not controlled, 
but approached a value of 5.5. Hence initially akaganeite was formed, and at 
pH > 5, hematite began to form, as hydroxide ions compete more effectively 
with chloride ions for surface sites. 
The BET surface area analysis shows that all samples have a reasonable specific 
surface area in the range 200-300 M2 /g and are mesoporous. Sample GEH has 
the largest, followed by NN and VL. This trend is also reflected in the degree 
of microporosity. The difference in the amount of porosity could also be due 
to the lack of pH control during VL production, resulting in a wider pore size 
distribution. 
Sample NN has the greatest quantity of macropores, owing to its poor crys- 
tallinity. VL also possesses a number of macropores, but has a similar amount 
of mesopores as GEH. The latter samples GEH and VL are comparable to a 
synthetic akaganeite material. 
Good agreement was found between the experimental nitrogen adsorption 
isotherms and the pore size distributions generated by the DFT model. This 
highlighted the number of macropores present in samples NN and VL which 
was not seen in the average pore size calculated using the BET method. The 
limitation of the method was due to the restrictions of the Kelvin equation. 
Rom the physical characterisation data alone, GEH appears to be the best 
adsorbent, with the greatest surface area, highest amount of micropores and 
a reasonable degree of crystallinity. 
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Chapter 5 
Surface chemical 
characterisation 
5.1 Introduction 
The mechanisms and models that describe the development of surface charge 
are examined. The regions within the electric double layer (EDL) and def- 
inition of zeta potential is given. Understanding surface charge phenomena 
and determining the point of zero net proton charge and isoelectric point of 
the materials studied are important for adsorption studies. These parameters 
determine a suitable pH range for removal of anionic species. The effect of I II(, 
presence of anions (arsenate, phosphate and fluoride) on the zeta potential 
measurements for sample NN are determined. Chloride content of each iron 
oxide material are also calculated. Experimental methods for pH titration, 
zeta potential measurements and chloride determination are outlined. 
5.1.1 Development of surface charge 
Most materials acquire a surface charge when brought into contact with a polar 
material, e. g. water. This charge arises from ionisation, ion adsorption or ion 
dissolution. An EDL forms because ions of opposite charge (counter-ions) are 
attracted to and ions of similar charge (co-ions) are rejected from the material 
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surface [1]. One part of the EDL consists of the charged surface and the other 
a diffuse cloud of predominantly counter-ions in addition to co-ions. 
Surface charge arises from ionisation of surface groups, i. e. hydroxide on the 
iron oxide surface. This process and hence the net charge of the surface is pH 
dependent. Surface charge can also be affected by the adsorption of oppositely 
charged ions. The surface of a material is usually negatively charged as cations 
maintain the water of hydration, whereas anions which have a smaller ionic 
radius are more likely to become specifically adsorbed (i. e. lose their water of 
hydration). Dissolution of oppositely charged ions is a third mechanism for 
development of surface charge. These ions are known as potential determining 
ions, i. e. for iron oxide, H+ and OH- concentrations determine the electrical 
potential at the surface [2]. The characteristic equations are as follows: 
= V- 
. ut-, 
OH +H' FeOH+ 2 
= U- -+ H20 . L, t-, 
OH +OH ---> Fe0 (5.2) 
where =- represents a surface species. 
Diffuse double layer 
The electrical double layer consists of two regions; the first closest to the 
surface contains any adsorbed ions and the second is a diffuse layer where ions 
are less tightly bound, their positions determined by thermal motion and the 
effect of electrical forces. 
The most straightforward representation of the double layer was suggested 
by Gouy and Chapman (G-C), however the magnitude of the ionic radii were 
ignored, causing the model to break down near the surface and at high electric 
potential values. One method to overcome these problems, suggested 
first by 
Stern, is to subdivide the region nearest the surface [3]. 
A plane known as the Stern plane separates the two sections of the 
inner region, 
and is located approximately one hydrated ionic radius 
from the surface. The 
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Figure 5.1: Schematic representation of electric double layer with 
two inner regions [4] 
values of cl andC2 are assumed to be constant, hence there is a linear decaY in 
the potential across the two regions. The potential A this surface is denoted 
by0d, beyond the Stern plane, the G-c treatment of the diffuse Iýiyer cali be 
used, substituting 00 withOd [2]. 
The introduction of the inner and outer Helmholtz phines (IHP and OHP I-('- 
spectively) further divide the inner region (Figure 5.1). The ions closest to the 
metal surface that are specifically adsorbed are dehydrated and indistinguish- 
able from the surface [5]. Ions held by van der Waals forces are also assumed to 
be directly associated with the surface, namely hydrogen and hydroxide ions. 
These are located in the 0 plane and experience a potential ? -ý, o and contribute 
ao to the surface charge [6]. 
The centres of the dehydrated ions adsorbed specifically and by electrostatic 
forces are located in the IHP, possessing a potential ý, O and surface charge b 
density o,, 3. The third type of ion maintains its water of hydration and has its 
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centre at the OHP [3]. These solvated ions are at a potential Vd and siirface 
charge O'd. Finally, the diffuse layer which is situated outside the shear plane 
consists of loosely bound counter-ions and has a permittivity cbulk- Simi arl. IY 
there is an inner compact layer permittivity El with capacitance C1, an outer 
layer permittivity E2 and capacitance C2 [5]. 
5.1.2 Zeta potential 
The potential at the shear plane separating the bulk solution from the charged 
surface is known as the zeta potential. This can be determined by measuring 
electrophoretic mobility in an induced potential gradient. Electrophoresis is 
the movement of a charged surface relative to a static fluid. The Smoluchowski 
equation relates the electrophoretic mobility to the zeta potential thus [7]: 
VE 
UE 
E 
where UE electrophoretic mobility (ms-'V-1) 
VE electrophoretic velocity (ms-1) 
E electric field (Vm-1) 
zeta potential (mV) 
E permittivity (Fm-') 
Tj solute viscosity (kgm-') 
The assumptions are [7,8,9]: 
(5.3) 
1. The permittivity c and viscosity 77 are constant across the entire mobile 
region. 
2. The thickness of the double layer is very thin compared to the particle 
radius (ra> > 1). 
3. The particles are non- conduct ive and rigid. 
4. The zeta potential is uniform across the particle surface. 
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Isoelectric point 
The zeta (() potential is effected by the pH of solution. The pH at which the ý- 
potential is zero at the shear plane is known as the isoelectric point (IEP). pH 
causes protonation/deprotonation of surface hydroxide groups, resulting in a 
negative surface charge at pH > IEP and positive surface charge at pH < IEP. 
The zeta potential decreases with increasing distance from the surface, even- 
tually falling to zero in the bulk solution. The rate of decrease depends on the 
electrical properties of the interface region and the effect of the background 
electrolyte (Figure 5.2). The Debye-Hiickel parameter (I/K) decreases with 
increasing concentration of the background electrolyte as the Stern Liver be- 
comes more compact. 
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Figure 5.2: Schematic representation of an ion cloud surrounding a 
negatively charged particle in water 
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5.1.3 pH titration 
The surface characteristics are important factors for adsorbents. pH titration 
can be used to determine the acid/base nature of the material [11]. The 
capacity of the material for anionic and cationic exchange can be inferred 
from the net amount of H+ (OH-) released. 
Determination of the point of zero net proton charge 
If H+ is adsorbed in excess of OH- ions on the addition of acid, the surface 
of the iron oxide will have a net positive charge, i. e. the pH after 48 houns 
with sample present (equilibrium pH) will be higher than the pH without 
the sample present (blank). H+ adsorption is balanced h'y the adsorption 4 
negative counter-ions from solution in the OHP or the diffuse la, yer [12]. 
Similarly, if OH- is adsorbed in excess of H+, the surface posý, esses a net, 
negative charge and the equilibrium pH is lower than the blank. At known pH 
values the relationship to determine the adsorption of ions onto the "lirface 
is given by Equation 5.4. This can be used to plot a differential pH-titratioil 
(proton binding) curve with ions released vs. pH. 
IR =C 
(VO - Vi) 
m 
IR =0 at the point of zero net proton charge, theii 
Vo 
= Vi 
where IR = ions released (mmol/g) 
V, = volume of titrated alkali (acid) solution corresponding 
to the equilibrium pH (ml) 
VO volume of titrated alkali (acid) solution at a given pH 
in the blank solution (ml) 
C concentration of the titrant, (mol/L) 
M mass of the sorbent used (g) 
(5.4) 
(5.5) 
(5.6) 
100 
Chapter 5. Surface chemical characterisation 
At a specific pH value, the surface possesses no net charge, as sufficient H- and 
OH- are adsorbed, hence there is no adsorption of counter-ions from solution. 
According to the nomenclature of Sposito [13] the pH value at whichoH -0 1'1ý 
known as the point of zero net proton charge (PZNPC). Hence on the acid side 
of the PZNPC, the material has a mixture of acid and neutral sites, conversely 
at alkaline values, the surface is a combination of negative and neutral sites 
(see Figure 5-3). 
0 
Bulk oxide 
OH 
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H+ and 
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N03- Fe "OK 
I 
OH2 
Na+ and 
OH- OH 
Fe "" ', OH 
1 
+ 
NO 
Na' + H., 0 
Figure 5.3: Surface interactions with non specific adsorption on an 
iron oxide surface [14] 
Effect of specific adsorption on surface characteristics 
The 1EP and PZNPc are equal if there is no specific adsorption of lons. If the 
zeta potential curves are repeated for different salt concentrations and cross 
at the same pH value, it is assumed that the salt is not specifically adsorbed. 
This value is termed the point of zero salt effect [15]. An ion is specificýfflY 
adsorbed onto the surface of the oxide material if there is a change in the 
isoelectric point, provided the conditions are otherwise kept constant 
[16]. 
On specific adsorption the pH values of PZNPC and IEP shift in opposite di- 
rections, which can be explained as follows. If an anionic specie-s is specifically 
adsorbed whilst the cationic counter-ion is loosely adsorbed, the former ion, - 
101 
Chapter 5. Surface chemical characterisation 
are at a higher concentration near the surface. The adsorption balance between 
H+ and OH- is affected, i. e. H' adsorption increases and OH- decreases by 
the presence of an anion at the surface. For the condition of PZNPC Z'. e. adsorp- 
tion of H' = OH-, the OH- concentration of the system must be increased 
by increasing the pH. Conversely the IEP measurement includes both the sur- 
face charge and Stern layer charge up to the shear plane. The ( potential 
would become more negative on specific adsorption of negative ions. Hence to 
maintain the IEP, more H+ must be adsorbed, i, e. the pH must be decreased 
[16]. 
Specific adsorption of fully dissociated ions 
Ions that are fully dissociated are only adsorbed on the acidic side of the 
PZNPC. An equivalent amount of non-specifically charged anion is displaced 
from the OHP, hence the ratio of hydroxyl: hydroxide ions and the charge on 
the surface is not altered; effectively ligand exchange occurs with Nvater at 
the surface. The effect of the exchange process on the surface is to neutralise 
positively charged sites until a new point of zero net proton charge is achieved. 
i. e. no further adsorption of the added ion occurs (see Figure 5.4). 
+ 
Fe 
OH2 
OH2 
Bulk oxide 
N03 
- 
F- 
OH2 
Fe 
F 
Bulk oxide 
0 
H20 + 
-N03 
Figure 5.4: Surface interactions with specific adsorption of fully 
dissociated species on an iron oxide surface [14] 
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Specific adsorption of not fully dissociated ions 
V- 
Fur ions that are not completely dissociated, specific adsorption can occur on 
both the acidic and alkaline sides of the PZNPC (Figure 5.5) and is primarily 
dependent on chemical and electrostatic forces. The undissociated acid is able 
to adsorb on the negative surface if, on adsorption, the species is dissociated 
and donates a proton to the surface to form water which can then be replaced 
with the anion [171. 
Phosphate is used as an example below, arsenate would be expected to behave 
in a similar fashion, as the pKa values are comparable (=- represents a surface 
species). 
. ruOH' + 
H2P0 <--* = Fe0PO3H+ + OH 23 
= FeOH' + H2PO- +--> =- FeOPO3H2 + H20 24 
= V- - -* = FeOP03H- + 
H20 
. FoOH + 
H2PO4 + 
= v-OH+ + HP 02- <--«> -= FeOPO3H2 + 
OH- 
. E"t, 24 
= U- 02- 
. utjOH + 
HP 4 +--> --2: FeOPO3H- + OH- 
(5.7) 
(5.8) 
(5.9) 
(5-10) 
(5.11) 
= U- -+ OH- . ur, 
0- H2P04 <---+ = FeOPO3H 
Hence the hydroxyl: hydroxide ratio increases as dissociation of water would 
increase the negative charge on the surface. H+ can also be liberated from the 
surface due to the adsorption of anions capable of protonation (Equations 5.13 
and 5.14) [171. When the average charge added to the surtace is equivalent to 
the average charge of the dissociated ion in solution, a new PZNPC is achieved. 
If the extra surface charge exceeds or falls below that in solution a release or 
uptake of OH- occurs [14]. 
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Figure 5.5: Surface interactions with specific adsorption of non fully 
dissociated species on an iron oxide surface [14] 
V- 
ul--OP03H' FeOP03H2+ H' 13) 3 
= V- Yý'-OMH2 FeOP03H- + H+ 
5.2 Experimental procedure 
The procedures for batch pH titration and zeta potential experiments are given 
below. The effect of the presence of anionic species, (arsenate. phosphate and 
fluoride) on the zeta potential for sample NN is also noted. For each iron ()xl(l(, 
sample the chloride content is determined. 
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5.2.1 Chemicals used 
Aldrich supplied titrated acid and base solutions, namely HN03 and NaOH, 
used for the potentiometric titrations. Sodium nitrate used as a background 
electrolyte was supplied by Fisher. Arsenate and fluoride solutions were pre- 
pared using Na2AsO4- 7H20 and KF respectively and were supplied by Fisons. 
Phosphate solutions were prepared using Na2H P 04 (Sigma). Chloride content 
determination by digestion was carried out using oxalic acid (May and Baker, 
Dagenham). 
5.2.2 pH titration 
A batch method of potentiometric pH titration was carried out. A number 
of samples were prepared by measuring and transferring 10 ml 0.1 M sodium 
nitrate to several 25 ml Erlenmeyer flasks. An electrolyte was added to main- 
tain a high background concentration [18]. Nitrate was used as an electrolyte 
as Fe (III) complexes are less likely to form [191. Aliquots of 0.0972 M HN031 
and 0.1033 M NaOH (usually between 0.025 ml and 0.7 ml) were added to 
produce solutions across a range of pH. A total batch volume of 15 ml was 
maintained by the addition of deionised distilled water, to ensure the sorbent 
weight to solution volume ratio was kept constant [11]. 
The pH of the solution prior to the addition of the iron oxide sorbent was 
measured using a Mettler-Toledo 340 digital pH meter calibrated at pH 4 and 
pH 10. The iron oxide samples were crushed in an agate mortar and pestle 
and the fine fraction (< 45 pm) used. 25 mg of sample NN was measured 
on a Sartorius BP210D balance, accuracy ±0.0005 g and transferred into the 
Erlenmeyer flasks. The equilibrium pH was measured after agitation at 25 'C 
±1 'C for 48 hours. 
This procedure was repeated using 0.01 M and 0.001 M sodium nitrate back- 
ground electrolyte concentrations and for samples GEH and VL. A range of 
concentrations was used to determine the effect of the background electrolyte 
on the PZNPC. 
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5.2.3 Zeta potential 
Zeta potential measurements in absence of additional anions 
The zeta potential of the iron oxide material was determined using the s(--iiiie 
samples that were prepared for pH titration. The zeta potential of eacIl sohi- 
tion was measured after the equilibrium pH had been determined. The mea- 
surements all took place at 25 'C using a 'Malvern Zetasizer 300OHa,; 5 ml 
of the supernatant material was drawn off using a plastic Luer syringe, which 
resulted in an optimum count rate of 4000 counts/sec. The suspension Nvas 
injected into a quartz cell in an electrophoresis chamber. 
The calculations are determined by the frequency of laser light scattered 1)ý- the 
suspended particles using a photon counting detector and a digital correlator. 
The electrophoretic mobilities are measured as a function of pH hence Hip 
zeta potential can be calculated. The average over three readings was takeii 
for each sample (NN, GEH and VL). 
Zeta potential measurements in the presence of additional ions 
10 ml 0.1 M NaN03was added to a series of 25 ml Erlenmeyer flasks 3 inl 
21.8 mmol/L arsenic (prepared by dissolving Na2HAsO4-7H20) was tlleil added. 
This concentration of arsenic was used to maintain the same ratio of sorbeilt 
mass: solution concentration used in the adsorption experii-nent. s (i. e. 2000 ppl) 
As and 5 mg material in 490 ml. Various quantities of 0.1 M HNOýj aiidNioH 
were added to produce a range of solution pH. A constant volume of 15 ml 
was maintained by the addition of deionised water. After being left at 2.5 
'C 
for 48 hours the pH of each solution was measured using a Mettler Toledo 340 
pH meter, calibrated at pH 4 and pH 10, prior to the addition of 2.5 mg of 
sample (sieved at <45 pm). 
A similar procedure, using the same molar concentration, was used to 
deter- 
mine the effect of the presence of phosphate and fluoride ions on the 
isoelectric 
point. 
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5.2.4 Chloride content determination 
Each iron oxide sample underwent digestion to quantify the chloride contem. 
Approximately 0.5 g of iron oxide sample was weighed on a Sartorius BP210D 
balance, accuracy ±0.0005 g and transferred into a 100 ml ErlenmeN-er flask. 
50 ml 0.5 M oxalic acid was then pipetted into the flask and the flask sealed 
with Parafilm. This procedure was repeated for each sample and the flazsks 
left for 72 hours in an orbital shaker at 25 'C. The resulting liquid was anal- 
ysed for chloride content using a Dionex ion chromatograph. An average of 
two readings was taken and a five point calibration curve for chloride was 
constructed. 
5.3 Results 
5.3.1 pH titration 
A plot of the pH prior to (blank) and after the addition of sorbent (m equi- 
librium) against the volume of acid or alkali added is given in Figure 5.6. 
The point of zero net proton charge (PZNPC) was found to be in the rail, (), (, 4 
6.8 for all pH titration experiments. At pH > PZNPc a negative charge result.,, 
from deprotonation of surface hydroxide groups (Equation 5.2). The degree 
of deprotonation gives an indication of the anion exchange capacit 'y of 
the 
material as a function of pH. Likewise, protonation of the surface produces a 
positive charge at pH < PZNPC (Equation 5.1), indicýiting the cation exchange 
capacity [20]. 
Effect of background electrolyte 
Three concentrations of NaN03were used to establish if the background elec- 
trolyte concentration had any effect on thePZNPC. The net adsorption of 
ions 
increases with increasing ionic strength (Figures 5.7-5.9). The non-specific 
adsorption (the formation of outer sphere complexes in the outer 
Helmholtz 
plane (OHP) or diffuse layer) of negative nitrate ions onto the iron oxide surface 
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Figure 5.6: Typical pH titration with iron oxide material and sodium 
nitrate as background electrolyte 
at pH < PZNPC increases with increasing background electrolyte concentra- 
tion. This would result in a decrease in the surface electrical clian, 'e. attractill", 
hydrogen ions. 
Similarly, at pH > PZNPC, the rion-specific adsorption of sodium ions could 
increase the surface positive charge, causing hydroxide ions to adsorb onto 
the surface. Non-specific or outer-sphere complexes affect the thickiles. " of 
the Stern layer, but does not affect the PZNPC [17]. Figures 5.7-5.9 sho"N, Hie 
positive values become less positive and negative values less negative that with 
an increasing concentration of background electrolyte. 
VL and GEH samples showed the most drift of 1 pH unit. This could be 
due to the methodology of production of the iron oxide. Changes in pH. 
temperature of reaction, drying and washing conditions will affect the surface 
characteristics of the final material (21]. Parks [21] noted that for a material 
containing chloride as an integral part of the structure. the PZNI'(' sliifts to a 
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Figure 5.7: Proton binding curve for sample NN, at different con- 
centrations of background electrolyte 
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more acidic pH. The chloride content of each material is determined in Sect ion 
5.3-3, and follows the same trend as the PZNPC, z. e. the higher the chloride 
content the lower the PZNPC. This will be discussed further in Section 5.3.3 
However, sample NN gave a common intersection of 6.4 ± 0.2, Nvlucli itil 
indication that no specific adsorption of the background (, I(, (, trol. N-t(, occurred 
and that H' and OH- are potential determining ions [22]. 
Kanungo calculated a PZNPC for amorphous FeOOH of 7.15 and for akaganeite 
of 7.2, in the presence of potassium nitrate, using rapid titration [23]. TI)i,, s 
titration method may not allow sufficient time for equilibrium to be reached. 
Production and treatment methods could be another reason for the difference 
between these values and those determined in the experiments outlined. Both 
materials analysed by Kanungo were extensively washed for several days by 
decantation to remove chloride, hence could account for a higher PZNP(' valll(' 
Breeuwsma and De Bruyn indicated that drying and other pre-treatments- 
affect the surface characteristics [24]. Parks and De Bruyn [12] found that for 
other iron oxides materials the PZNpc ranged from 4-8-5. 
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As both OH- and H+ are potential determining ions for the material studied. 
a possible adsorption mechanism for the presence of a charged surface is given 
below [25]: 
= V- + PuOH + HI + NOý FeOH2 + N03 3 (5-15) 
= v- re, OH + OH- + Na+ -* -= Fe(OH)2 + Na+ 
where =- is a surface species 
Thus, 'in acidic conditions, the surface is positive, and in alkali conditions 
the material possesses a negative surface charge. Another possibility is that 
hydrogen ions either protonate or deprotonate the surface thus: 
= U- + 
. ueOH+OH-+Na ---+=FeO-+H20+ Na+ 
Parks and De Bruyn [12] suggest that this second mechanism (Equation 5.17) 
is more likely, as the adsorption of a hydroxide ion would increase the co- 
ordination number to 7 (cf Equations 5.1 and 5.2). 
5.3.2 Zeta potential 
The values for the IEP and PZNPC for each material are given in Table 5.1. 
The zeta potential results show the amphoteric nature of the material, with 
an approximately equal amount of positive and negative surface charge across 
the pH range (Figures 5.10-5.12). The IEP of the material occurs 
between 
pH 7-8. At pH > IEP the iron surface will attract cations 
from the surface, 
conversely at pH < IEP it will attract anions. 
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Table 5.1: Comparison of point of zero net proton charge and iso- 
electric point values (*where P-I is PZNPC-IEP) 
Conc. NN GEH VL ---- -1 
NaN03 
_(mol/L) 
PZNPC 1 IEP 1 P-l* PZNPC 1 IEP 1 P-I PZNPC IEP P-1 
0.1 6.6 7.2 -0.6 5.6 7.6 -2.0 5.0 6.7 0.01 6.3 6.8 -0.5 4.8 8.2 -3.4 4., 5 6.7 2 2 0.001 6.2 6.8 -0.6 5.0 8.2 -3.2 4.0 
. 6.9 -2 
Comparison of PZNPC and IEP values 
The IEP, determined when the zeta potential of the material is zero. is an 
indication of external charge only. The PZNPC takes into account both the 
external and internal charges [26]. The PZNPC is approximatelY equal to the 
IEP for sample NN, which indicates that the surface charge distribution is 
even throughout the material and that there is no specific adsorption of the 
background electrolyte (Table 5.1). 
The difference between the PZNPC and IEP for the other samples is alwa. vs 
negative. This indicates that the external surface is more positively charged 
than the internal surfaces. The possible explanations for this phenomenon 
have been previously stated, in terms of production and washing metho(Is. 
The residual chloride content in the material would also redtice the PZNI'(-'. 
In addition, the surface area and pore structure could affect the Wlan(v of 
internal and external charges. Sample GEH possesses a high percciiki, -, e of 
micropores inhibiting the diffusion of ions. 
Effect of the presence of anionic species on the zeta potential 
The zeta potential for sample NN was remeasured in the presence of arsenate, 
phosphate and fluoride. If the anions were not potential determining (adsorbed 
specifically onto the iron oxide surface), the effect on the electrical double 1C. r 
would be the same as increasing the inert background electrolyte concentra- 
tion, i. e. the double layer becomes compressed with increasing background 
electrolyte concentration. This phenomena is not seen for either arsenate or 
phosphate. As described in Equations 5.13-5.14 the adsorbed species nia, v 
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Figure 5.10: Zeta potential measurements for sample NN at various 
background electrolyte concentrations 
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Figure 5.11: Zeta potential measurements for sample GEH at vari- 
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Figure 5.12: Zeta potential measurements for sample VL at various 
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themselves be protonated, leading to substantial changes in the reacti,, -ity of 
the material [271 
Fluoride does not appear to effect the IEP deduced from the zeta potential 
measurements carried out (Figure 5.13). Sigg and Stumm [28] found that 
with increasing concentration of fluoride, the PZNPC increased. Hingston et 
al. [29] also observed a reduction in the IEP on the addition of fluoride. Zeta 
potential values below the IEP would be similar to the blank (i. e. without 
additional anionic species) as fluoride cannot adsorb onto a negative surface. 
Fluoride is fully dissociated therefore cannot donate a proton to the surface to 
enable ligand exchange between fluoride and water. At pH < IEP. especiallý- 
near the pKa value (pH = 3.5) a proton would be available for dissociation 
to occur. All pH values used were greater than the pKa. Both Hingston et 
al. [29] and Sigg and Stumm [25] used a wider pH range, including pH vithies 
less than the pKa, hence highlighting the change of sign on the surface. 
Arsenate and phosphate decrease the IEP, indicating qualitatively that specific 
adsorption occurs on the iron oxide surface [27] (see Figure 5.13). Specificall , N- 
adsorbed arsenate lowers the isoelectric point (30] by as much as 4 pH tinits. 
A lowering of the IEP of iron oxide by arsenate was also noted by several 
researchers [17,18,31]. A similar effect was observed for aluminium oxide. 
another amphoteric material [32]. 
The opposite effect is seen for the PZNPC with is raised by an approximatel 'v 
equal amount [17]. Phosphate, which is chemically similar to arsenate also 
caused a reduction in IEP [17,33]. Both these anions are able to adsorb, evell 
when conditions are electrostatically unfavourable. 
Modern spectroscopic methods (FT-IR and X-ray absorption near edge struc- 
ture (XANES)) have also been used to distinguish between inner- and outer- 
sphere complexes. These methods rely on the interpretation of bond angles and 
bond lengths to infer the nature of surface bonding. Arsenate [31,34,35,36], 
arsenite [37,38], phosphate [39] and chromate [40] are some examples of surface 
species studied. 
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Table 5.2: Chloride content determination, with average values of PZNPC and IEP, and equilibrium pH values 
Sample Chloride content PZNP IEP Equilibrium 
(mmol/g) pH in water 
NN 0.04 6.4 7 - 7.2 -- 
GEH 0.61 5.2 8 4 .0 VL 1.15 4.5 6.8 3.5 
5.3.3 Chloride content determination 
All samples were produced by contacting ferric chloride witli sodium hydroxide 
and washed after production. Chloride is known to be essential in the pro- 
duction of akaganeite [41], provided that the ratio of Cl : Fe > 0.3 akaganeite 
will be produced [42]. Fluoride salts can also be used [43] as both (, hlorl(le 
and fluoride ions are sufficiently small to diffuse into the pores and stabillse 
the structure [44]. 
Quirk et al. [45] studied the effect of adding chloride ions at various stages of 
the nucleation process. It was found that Cl- was essential in the early stages 
of polymer formation and if added after a period of time, produced no effect 
on the final product. Refait and Genin [46] found that chloride ions seeiii to 
replace hydroxide ions in the iron oxide samples. 
The chloride content of freshly prepared akaganeite us in the region of 8 %, 
Fe : Cl 4.79 [47]. Indeed, Biedermann and Chow [48] determined the chemical 
formula for freshly precipitated akaganeite as Fe(OH)2.70CIO. 30- It wa, " also 
reported by Flynn [44] that the Cl-/Fe ratio increases with ageing of the 
solution and may be additional evidence for chloride replacement in the crystal 
structure. 
It can be seen from Table 5.2, that there is a marked difference between the 
chloride content of each material. There is a trend in PZNpc and chloride 
content of iron oxide material, the PZNpc decreases with increasing chloride 
content. 
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The effect of washing on chloride content 
Samples GEH and VL may have a higher chloride content as the material was 
washed to a lesser degree, hence residual chloride from the reaction may still be 
bound within the structure. From Section 4.4.7, it is evident that the pore size 
of sample GEH was much lower than the other two materials, hence inhibiting 
chloride removal. The remaining chloride slowly leaches out from the material 
as HC1, hence the equilibrium pH of GEH and VL in water is approximately 
3.5-4. Paterson and Rahman [491 noted that the equilibrium pH of akaganeite 
in water was 3-5. This value would increase with decreasing chloride content. 
Chloride from sample NN was removed by decantation with 16 bed volumes 
of tap water. Sample VL was placed in a column and washed with 10 litres 
deionised distilled water. No information was provided for the degree of wash- 
ing for sample GEH. Other methods for removing chloride are by contacting 
with ammonia, then centrifuge the samples [50], displacement with nitrate or 
fluoride ions [51], or by dialysis [52]. 
5.4 Conclusions 
The surface chemical characteristics for all iron oxide samples have been ex- 
amined. pH titrations have been carried out and the point of zero net proton 
charge (PZNPC) was determined. Three concentration of sodium nitrate were 
used to determine whether the background electrolyte was specifically ad- 
sorbed onto the iron oxide surface. All samples exhibited a slight drift in pH, 
VL having the largest. 
It is unlikely that sodium ions from solution were specifically adsorbed, as 
cations do not tend to lose the water of hydration that is necessary to 
form 
close bonds with the surface. Post treatment of the iron oxide could effect the 
surface charge characteristics. Sample NN gave the highest value of 
6.5 followed 
by GEH, 5.2 and VL, 4.2. The drop in PZNPC maybe due to the 
differences in 
the degree of washing of the latter two samples. 
When placed in water, excess chloride on the surface and within 
the pores of 
GEH and VL slowly leach to form HCl- This reduces the pZNPC values, 
decreas- 
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ing with increasing chloride content. Zeta potential measurements were also 
carried out, and were in the range 7-8 for all samples. The difference between 
the PZNPC and isoelectric point (IEP) values indicate that the internal surface 
is more negatively charged than the external surface, due to the presence of 
excess chloride on the surface. 
Zeta potential measurements were determined for sample NN in the presence of 
arsenate, phosphate and fluoride. Both arsenate and phosphate ions reduced 
the IEP, indicating specific adsorption. The reduction occurs because of a 
higher quantity of negative ions near the surface, hence H+ ions are adsorbed 
to balance the surface charge. 
It is not clear from the data gathered whether fluoride is also specifically 
adsorbed. Measurements near the pKa value of fluoride were not carried out, 
where the change in zeta potential would be expected to occur. There could be 
several inflection points in the zeta potential measurements on dissociation, as 
a greater amount of H+ is available for ligand exchange. Fluoride also cannot 
be adsorbed below the IEP, as it is fully dissociated and protonation. of the 
surface cannot occur. Therefore the zeta potential would be similar to a blank 
(no additional anions added) measurement. 
Both pH titration and zeta potential measurements show that all samples axe 
amphoteric. The values for PZNPC and IEP are useful in determining the pH at 
which the surface is positively charged and would attract anions and negatively 
charged to attract cations. Chloride content determination also explains the 
equilibrium pH of each material in water and accounts for the difference in 
PZNPC and IEP values. 
Rom the surface chemical characterisation data, it would appear that sample 
NN is the best adsorbent, with a greater amount of anionic exchange capac- 
ity, determined from pH titration and the least amount of chloride present, 
minimising any change in pH in aqueous solutions. 
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6.1 Introduction 
Adsorption occurs if a species is taken up and chemically binds to a material 
surface (adsorbent). This can be described by several types of models: em- 
pirical and semi-empirical, such as Langmuir and Freundlich models, and bly 
surface complexation models. The latter group include various interpret, it ions 
of the electric double layer (i. e. the number of electrical layers and equat i0l 1'ý t () 
describe the potential and surface charge across each layer) and tlype of colli- 
plexation with the adsorbent. Multi component adsorption can also be fitte(] 
by extending the empirical models, or by the ideal adsorption solution theor 'v (IAST), which uses thermodynamic relationships to describe equilibrium. Tliiý' 
theory can be modified further to include isotherm descriptions by Freundliul) 
or Dubinin-Radushkevich. 
The normal industrial practice for adsorption is to use a fixed bed, enabling the 
concentration of trace contaminants in drinking and waste water to be reduced 
by forming bonds with the adsorbent. A mass transfer zone develops within 
the column, the rate of transfer between the solution and adsorbent depends on 
the physical size and aspect ratio of the bed, adsorbent particle size, flowrate 
and affinity of the adsorbent for the trace ion. The effluent concentration can 
be plotted on a characteristic curve of concentration vs. volume passed and an 
operating capacity determined. 
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In addition to the physical set up of the column, breakthrough of ions in the 
effluent is affected by the presence of other competing ions, as one may be 
preferred over the other. The least preferred ion leaves the column first, and 
ions previously adsorbed are displaced by ions with a greater affinity for the 
adsorbent. This phenomenon can be described in terms of distribution coef- 
ficients to quantify the selectivity of the adsorbent within a multi component 
system. 
Speciation is very important when considering both selectivity and ideal pH 
conditions for adsorption. Trends in uptake capacity can be explained more 
easily if the valence and relative concentration of species at a certain pH are 
known. Maximum uptake capacity will occur when the surface is most at- 
tracted to the ion in solution. Possible uptake mechanisms can also be de- 
scribed. 
The experimental methods for both batch and column operations are de- 
scribed, in addition to the analytical methods employed to determine the 
species studied. Batch isotherms were completed in the pH range 4-9 up 
to a maximum concentration 28 ±4 pmol/L. The three iron oxide materials 
previously characterised chemically and physically (NN, GEH and VL) were 
challenged with both anionic (arsenate, phosphate and fluoride) and cationic 
(cadmium) species and their respective uptake capacities determined. 
The resulting isotherms were fitted with both the Langmuir and Freundlich 
models. Theoretical maximum capacities calculated by the Langmuir model 
for the anionic species studied were compared to experimental equilibrium 
values found at pH 4,7 and 9. Trends in pH and material type and the 
effects of pH, total species concentration and material type on the nature of 
the surface complexes have been studied. This enabled surface reactions for 
each species to be defined. 
Competitive effects were examined in column operation. The operating capac- 
ity of a single component arsenate run was compared to the relative capacities 
of phosphate and fluoride in binary and ternary experiments. Effects of pH 
and material were also postulated and binding mechanisms described. 
Dis- 
tribution coefficients were calculated for each column run and a selectivity 
sequence for the iron oxide materials studied to be defined as 
As -P>F. 
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All pre-loaded iron oxide material was successfully eluted with sodium hydrox- 
ide, although the material was not further tested for adsorption capacity. This 
indicates that adsorbent regeneration is possible, however the elution process 
was not optimised. The iron oxide material was also tested for Fe (III) disso- 
lution at pH 4,7 and 9. Only sample VL redissolved slightly at high pH, well 
within the acceptable limit for iron in drinking water. 
Adsorption theory 
The term adsorption is used if a species is taken up from solution and is bound 
to the surface of an adsorbent. 
There are several types of bonding which may be exhibited in adsorption. If 
physical adsorption or "physisorption" is exhibited, the adsorbate is held at the 
surface by weak van der Waals bonds. Chemical adsorption "chemisorption"'. 
is characterised by much stronger covalent or ionic bonds between the adsor- 
bate and the adsorbent surface. Physisorption is also known as non-specific 
adsorption and chemisorption as specific adsorption. 
The former non-specifically bound species form "outer-sphere" complexes as 
there is no ligand capable of electron transfer and the N,,, ater of hý, (Iratioii is 
retained [1]. Conversely specifically bound species form "inner-spliere" com- 
plexes with the surface by losing some or all of the water of hydrati(m iii 
the adsorption process [2]. Figure 6.1 illustrates both inner- and outei-splien, 
bonding with silica. 
There are several types of adsorbent-activated alumina, acti\-ated carbon, 
activated bauxite, zeolites, ferric hydroxide, and other composite materials. 
The advantage of adsorption is the ability to use a column and the solid 
can often be regenerated. This produces less solid waste than precipitation. 
although regeneration results in a more concentrated liquid effluent. 
Adsorption is dependent on the specific surface area of the adsorbent, increas- 
ing with increasing specific surface area. The amount of adsorption ls related 
to the degree of porosity and particle size [3]. 
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-. H 
Bulk 
c ryst 
Figure 6.1: Schematic representation of inner- and outer-sphere 
complexes [2]. The sodium atom is bonded to the surface oxygen as 
an outer-sphere complex, by retaining the water of hydration. The 
Fe atom loses part of the water of hydration to form an inner-sphere 
complex. 
Langmuir isotherm 
Adsorption may be expressed in terms of an adsorption isotherm. Tlils Is I lie 
distribution ratio between the solute on the solid and liquid phases. It is a 
function of solution concentration, the nature of the species used, competing 
ions and characteristics of the adsorbent used. The amount of solute oii the 
solid (q (mmol/g)) increases with equilibrium concentration 
(Ceq (mmol/L)). 
There have been several models developed to relate q andC, q. Langmuir [4] 
was the first to present a kinetic approach to adsorption. This model assumes 
* monolayer adsorption-, 
e adsorption is localised with no adsorbate- adsorbate interacticm. s. 
* the adsorbent has a homogeneous surface. 
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The Langmuir isotherm for the solid/liquid interface can be described thus: 
a bCq 
1+ bCeq 
where q= adsorption capacity (mmol/g) 
a= monolayer capacity (mmol/L) 
b= dimensioned constant (L/mmol) 
Ceq = adsorbate concentration at equilibrium (mmol/L) 
q+q bCeq= abCe-q (6.2) 
q +qCeq= aCeq (6.3) b 
+ Ceq= a Cq (6.4) bq 
Linearising the equation in the form y mx +c 
11. i)=1 
3) 
a+ 
(ab 
C, 
q 
The linear transformation of the Langmuir plot can be described by the dou- 
ble reciprocal, or Lineweaver-Burk plot, i. e. I1q vs. IlCeq. Hence from the 
gradient (1/ab) and intercept (1/a) the Langmuir constants cmi be calculate(l. 
The constant a (mmol/g) is the maximum adsorption per unit iiiass and b 
(L/mmol) is a constant related to the energy of adsorption [3]: 
oc C-AHIRT 
where -AH heat of adsorption (J kg-1) 
R ideal gas constant (J kg-' K-') 
T temperature (K) 
(6-6) 
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The Langmuir equation can be applied across a wide range of solute concen- 
trations [2]. If adsorption data is able to be fitted using the Langmuir model, 
it has been assumed that this indicates a single type of surface site. Sposito 
however argues that the goodness of fit of solute data to Langmuir does not 
imply a single site adsorption or that the uptake mechanism is adsorption. 
It cannot be used to predict adsorption, but parameters for the Langinuir 
equation are specific to experimental conditions [5]. 
Freundlich isotherm 
Conversely, Freundlich assumed that the surface energy is not distributed 
evenly, Le. it is heterogeneous. The constant b used in the Langmuir model 
(Equation 6.1) is now defined as a function of surface coverage (q), according 
to variation in the heat of adsorption (constant 1/n). Hence if 1/n is unity, 
Equation 6.7 reduces to the Langmuir model. Sites that have the same energy 
are grouped together. These sites are assumed not to interact with each other, 
such that the Langmuir equation can be applied locally. The result of this 
multilayer model is found below: 
I /n kCeq 
After linearisation: 
(6.7) 
ln(q) = In(k) +1 
In(ceq) (6.8) 
n 
k ((mmol/g)(L/mmol) 1/n ) and n are constants that are temperature depen- 
dent. The larger the value of n, the greater the non-linearity. The model 
parameters can be found by taking logarithms and plotting 
In(q) vs. ln(Cq)- 
The intercept gives an indication of the adsorption capacity 
(k is equivalent to 
Kd, the distribution ratio) and gradient of the adsorption intensity 
[3]. Both 
the Freundlich and Langmuir isotherms predict similax adsorption capacities 
over a moderate range of equilibrium concentrations. 
However, unlike the 
Langmuir model, it is not linear at low concentrations, nor 
does it plateau at 
high concentrations. 
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The Freundlich isotherm is often used to describe adsorption to multi-, ite 
or heterogeneous solids across a wide range of adsorbate concentrations. It 
simulates the layering of adsorbate on the surface with decreasing adsorption 
energy. It is relatively insensitive, as logarithmic plots do not gwe all data 
points equal weighting and hence tends to fit data well [6]. 
Temkin isotherm 
The Temkin model is based on the energy of adsorption being a linear functioll 
of surface coverage: 
=a+ b 
In(ceq) (6-9) 
a and b are parameters only valid over an intermediate concetration range. 
Toth isotherm 
The Toth model obeys Henry's law at low concentration and reaches a Inaxiina 
at higher concentration. If 0=1, Equation 6.10 reduces to tlie Langnitur 
model (Equation 6.1). 
a bCeq 
11,3 [1 + (bCeq) 01 
where a= monolayer coverage (mmol/g) 
b= constant, related to affinity 
0= heterogeneity constant 
Dubinin-Radushkevich isotherm 
The Dubinin-Radushkevich (D-R) isotherm shape is a parabola that is most 
suitable for an intermediate concentration range, but in lts baslc, 
forin 
unrealistic asymptotic behaviour [7]. This can be eliminated bý- a simple 11)()(1- 
ification, giving a, fit similar to the Toth isotherm. it Is ustially 
f',, i trace 
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contaminant modelling and is more general than the Langmuir model. not 
requiring surface homogeneity or constant adsorption potential [8]. 
In(q) = -0 [ln(bCeq 
)]2 + In(a) (6-11) 
Shortfalls of empirical or semi-empirical models 
Constants used in both the Langmuir (Equation 6.1) and the Freundlich 
(Equation 6.7) models are dependent on the nature of the adsorbent used 
and the solution concentration [2]. Some models are also restricted to a spe- 
cific concentration range i. e. Temkin and D-R. The models do not provi(le all ,v information regarding the structure of the adsorbed species or accotint for anv 
changes in the electrical charge on the material surface [9]. 
Other theories 
There are a set of models that have been developed that specifically incorpor, it e 
a representation of the electrical double layer. These are known its stirfiwe 
complexation models (scm) and use thermodynamic relationships to describe 
equilibrium. Intrinsic equilibrium constants are used, which are less SY'stein 
dependent (they are unaffected by solution pH and concentration), and are it 
function of the solid and the adsorbate [2]. 
All Scm's have some common assumptions, as follows: 
1. The surface of the adsorbent is assumed to be flat containing hydrox. vl 
groups. 
2. Reactions at the adsorbent surface can be described by the mass law 
equations, i. e. that there is a state of local equilibrium. 
I Any change in the surface charge is only due to surface chemical rem- 
tions. 
4. The effect of the surface charge on mea-sured equilibrium constaiit,; 
(K"PP) 
can be calculated and the intrinsic constants inferred experlineiitally. 
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A diagram illustrating the different approaches of the SCNI's to modelling the 
electrical double layer, i. e. the number of planes and allocation of ions to those 
electrostatic planes and surface reaction modelling [10], is given in Figure 6.2. 
Constant capacitance model Diffuse layer model 
Oo 
x 
Triple layer model 
00 
'diffuse 
l Jay ayer' 
10 XO Xd 
x 
UO 
Figure 6.2: Different SCM approaches to modelling the electrical 
double layer [11] 
The constant capacitance model has three principle assumptions. The fir'4 
is that all ions are specifically adsorbed within a single electrostatic plane 
and hence experience equal potential. The second is that the background 
electrolyte is not explicitly accounted for, either as a specific complex or III 
the diffuse outer layer. Specific reactions are also stated for assumed surfilce 
sites, to determine model constants [121. 
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The diffuse layer model is based on the Gouy-Chapman approach to the charge 
potential relationship, with a fixed number of surface sites. The capacitance 
is fixed theoretically and is not adjustable. All surface species are assumed to 
be specifically adsorbed and experience the same potential [111. 
The triple layer model is distinct in that the outer layer has a low fixed charge of 
0.2 F/M2 and the position and presence of ion pairs [131. The layer nearest the 
adsorbent surface only contains OH- and H' ions [111. The inner capacitance, 
however, can be adjusted to values of 1-1.4 F/M2 [141. 
Disadvantages of using SCM 
Despite the alternative approaches to the exact nature and positioning of sur- 
face complexes and the nature of the electric double layer, all scm's are able 
to describe the data well and there is no definitive answer to the adsorption 
energy values at the oxide surface. 
Multi component modelling 
There are models that are used to describe multi component isotherms. The 
extended Langmuir requires batch isotherms with multi component parame- 
ters and is only consistent if the solution concentrations are equal. The ideal 
adsorbed solution theory (IAST) was extended to liquid-solid equilibria and 
applied by Radke and Prausnitz [15]. This theory is based on the thermody- 
namic equivalence of the spreading pressure of each solute at equilibrium. 
The 
spreading pressure of a solute 7r is defined as the difference 
between the inter- 
facial tension of the pure solvent-solid interface and that of the solution-solid 
interface for that solute. 
If the Freundlich equation describes single solute equilibria and the constants 
K and 1/n are known the IAST may be calculated 
[16]. Crittenden et al. ex- 
tended the IAST for multi component adsorption in fixed 
beds [171. One dis- 
advantage to this method is that the equations are not explicit, 
but only give 
a relation between the adsorbed and solution phases 
[181. 
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6.1.2 Column studies 
Adsorption of species onto a material surface can be carried out in a batch 
tem, resulting in a characteristic isotherm, that can be described by the niod- 
els outlined in the previous section. The usual method employed indtistrially 
is a packed column. This enables the material to be continuously challenged 
with the pollutant until the column becomes saturated or reaches a designýit(ý(I 
loading, after which the material can either be regenerated or replaced. 
If a column is loaded with ion exchange material in a certaiii form. RA, ýis i ht, 
solution BY is added a dynamic equilibrium develops thus: 
RA + BY +-ý RB + AY 12) 
BY 
RB + BY 
RA + BY RB + AY 
exchange zone 
------------------ 
RA + AY 
CB/CO 
1 
AY AY + 
BY 
1 
Figure 6.3: Solution concentration profile in a packed column 
[191 
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As the exchange front progresses down the column, A is exchanged for B. NN-ith 
BY concentration reducing to zero and AY passing through the column into 
the effluent. This exchange zone moves further down the column as the initial 
part of the column becomes saturated with B. Below this zone, the material 
is in its original form (Figure 6.3). 
After a period of time has elapsed, the exchange zone moves sufficientiv far 
down the column as to cause the concentration of B in the effluent to increase, 
eventually reaching Co. A curve of the effluent history can be plotted (C/CO 
vs. volume passed) producing a breakthrough curve (Figure 6.4). 
Co 
0.05 Co 
0 
0 Volume passed 
Figure 6.4: TyPical breakthrough curve [19) 
If equilibria favours B, any A ions behind the boundary are replaced 
by B 
and will soon catch up with the boundary. Likewise, any B ions ahead of the 
boundary will be retained on the adsorbent until the boundary reaches that 
point. Hence, for preferred ions, the breakthrough curve is self- sharpening, 
i. e. maintains a steady shape irrespective of time and column 
depth. 
Unfavourable equilibrium is characterised by a broadening of the 
breakthrough 
curve, as equilibrium rather than kinetics dominate, 
hence B ions overtake A 
ions. Hence the exchange zone is lengthened [19]. 
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The shape and operating capacity of the adsorbent is dependent on several 
factors (see Table 6.1). For multi component adsorption the shape of the curve 
is related to the feed solution concentration, the capacity of the adsorbent and 
the relative affinity for each ion in the influent [201. 
Table 6-1: Factors affecting column performance with ideal values 
Parameter Effect on the column 
performance 
Ideal value Re. 
Bed depth increases with increasing - 
- [211 
length 
Aspect ratio (L, /d, ) increases with a higher 3: 1 [221 
value 
Exchange characteristics increases with capacity - [191 
Flowrate increases with decreasing Q=0.04ax [231 
flowrate (eq. 6.13) 
Particle size increases with decreasing d,: dp > 20 [241 
size 
Selectivity increases with increasing [251 
selectivity 
Initial feed concentration decreases with increasing [231 
1 feed conc. 
Carberry [26] suggests that the effect of axial dispersion on column perfor- 
mance is minimised if bed length: dp > 150. If the particle size is between 
100-200 ym, the velocity distribution dominates and has a greater effect on 
the axial dispersion within the column, hence, channelling and packing irreg- 
ularities occur [27]. LeVann and Vermeulen [28] noted that there were no 
noticeable wall effects if d,: dp > 20 and bed length: dp > 50. 
Using the method of Glueekauf [23], the optimum linear flowrate 
(F) can be 
determined, if DL is assumed to be 10 -5CM2/8 ,r 
is 300 pm. 
6DL 
%. 0 
6x 10-5 (6-13) 
300 x 105 
Pa.,, = 0.04a., 
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where linear flowrate (cm/s) 
DL liquid diffusion constant (em'/s) 
r particle radius (cm) 
Q volumetric flowrate (ml/s) 
a,, cross sectional area of column (CM2) 
Flowrate is often expressed as a function of the bed volume, to be indepen- 
dent of the size of the experiment. A bed volume is defined as the volume 
of adsorbent in a column measured as the backwashed, settled and drained 
volume. 
For example, the bed volume of a 10 cm bed length (L) and 2 cm column 
diameter (d, ) is calculated thus: 
7r(d, )2 
xL= 31.4 cm 
3 (6.14) 
The bed volume consists of both the volume of the adsorbent and voids, typ- 
ically 0.25-0.33. The flowrate is inversely proportional to the empty bed con- 
tact time (EBCT) [201. EBCT is usually in the range 1.5-7 minutes and is 
expressed as: 
EBCT =v (6-15) Q 
where V= adsorbent bed volume (cm 3) 
Small scale columns 
Crittenden et al. developed a method for using rapid small scale adsorption 
test to obtain equilibrium data to estimate large scale performance of granular 
activated carbon [29]. Initially a relationship between the small and large scale 
breakthrough curves was determined (subscripts SC and LC respectively). 
It 
was assumed that the internal diffusion coefficient was not a 
function of particle 
diameter (d), hence they found that: 
EBCTsc dsc 2= tsc (6-16) 
EBCTLc 
[dLCI 
tLC 
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The fraction tSCItLC is the ratio between the operating time of the small 
and large columns. The equation holds for both pore and diffusion controlled 
adsorption. 
Further studies by Crittenden et al. highlighted that the previous assumption 
regarding the internal diffusion coefficient was not always valid. Hence a new 
relationship that included a linear function of the internal diffusion coefficient 
and particle diameter was developed: 
EBCTsc dsc tsc 
(6-17) EBCTLc dLC tLC 
Therefore, there is the potential for time saving in obtaining column perfor- 
mance data. However, the effect of a fluctuating influent concentration and 
establishing conditions under which this method can be reliably used needs to 
be considered [301. 
6.1.3 Selectivity 
Breakthrough of ions, i. e. when an influent species is present in the effluent, 
depends on kinetics (mass transfer) and equilibrium (selectivity) considera- 
tions. A breakthrough curve can be gradual, as the primary mechanism for 
determining the shape is the affinity of the ion. A sharp curve implies that 
the exchange isotherm is favourable. However, in a multi component system, 
the breakthrough is much more complicated. 
The species leave the column in the reverse order of the selectivity sequence 
i. e. the most preferred species will leave last. Moieties with greater affin- 
ity towards the adsorbent increase column run time and result in a sharper 
breakthrough curve. Ions that are not preferred by the adsorbent will 
become 
concentrated in the column as they are displaced by the preferred 
ion and at 
some time will exceed the influent concentration, a process 
known as chro- 
matographic elution. Hence the adsorbent should 
be chosen to have a high 
affinity for the toxic ion [20]. 
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Describing Selectivity 
Ion exchange equilibria can be considered in terms of an ion exchange isotherm, 
a graphical representation of uptake capacity as a function of equilibrium con- 
centration at a constant temperature. In column operations however. adsorp- 
tion equilibria can be described quantitatively by a distribution coefficieilt 
(Kd). This is a ratio of the amount of target ion adsorbed to the amount of 
target ion remaining in solution. Kd is independent of concentration on1v if 
the isotherm is linear. A higher value indicates a higher affinity for reinoval of 
the target ion [31]: 
Kd 
- 
qA 
Co 
where CO influent solution concentration (meq/ml) 
qA uptake capacities of ions A (meq/g) 
'The distribution of multiple ions is not equal, and for a particular niaterial 
one ion is preferred over the other, a process known as selectivity. Preference 
of one ion over another is governed by [21]: 
* the ion with the greatest ionic charge; 
e the ion with the smallest solvated equivalent volume; 
e the ion that interacts most strongly with surface groups, 
* the ion that forms the least complexes with co-ions present in solution. 
6.1.4 Speciation 
Constructing speciation diagrams for each pollutant studied is important in 
determining the nature of ions present in solution. Speciation is dependent 
on pH and solution concentration, hence the total concentration 
for each cal- 
culation and pH range of adsorption tests is given. The charge of a trace 
contaminant (anionic, cationic or neutral) affects the removal capacity of the 
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adsorbent. At low pH the iron oxide surface is positively charged. hence will 
attract anions and at high pH the surface is negatively charge and will attract 
cations. 
Arsenate speciation 
Arsenate can exist in four forms i. e. H3AsO4, H2As 0- H As 0'- and As 03-. 4744 
H2AsO4- is the major species at pH <7 (Equation 6 02- . 19) and HAS 4 dom- 
inates in the pH range 7-11 (Equation 6.20) and is usually found in aerobic 
surface water. The equations for pentavalent arsenic dissociation in water are 
given as [32]: 
H3AsO4 --+ H' + H2AsO4 
H2AsO- H' + HAs 02- 44 
HAs 02- H+ + As 03- 44 
pKa = 2.2 (6.19) 
pKa = 7.08 (6.20) 
pKa = 11.5 (6-21) 
The pKa values given in Equations 6.19-6.21 are related to the dissociation 
constant (K), i. e. K= 10-pKa . The 
dissociation constant can then be 
expressed in terms of the ratio of the concentrations of the products divided by 
the reagents. The total concentration of arsenic in the solution, CT, was taken 
to be 2000 ppb (the maximum concentration of axsenic used in adsorption 
experiments) and is the sum of all the species. 
The expressions for K and total arsenic concentration, CT, can be manipulated 
to determine the concentration of each species in terms of the dissociation 
constant, the total concentration and the concentration of the hydrogen ions 
(Equations 6.22-6.32, Figure 6.5). An example calculation for H3AsO4is given 
below. 
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H3AsO4 -4 H' + H2Aso4 
H2As 0- ---+ H' +H As 
02- 44 
K, = 
[H2AsO4 ][H+j 
= 10-2.2 (0-22) [H3AsO4] 
[HAs 02-] [H'j K2 
[H 
4-- 10-7.08 (6.23) 
2AsO41 
o2- 03- [As 03-] [H+j HAS 4 H+ + AS 4 K3 4 
02-1 
10-11.5 (6.24) [HAS 4 
02-] + [AS03-] 
CT = [H3AsO4] +[H2AsO4- ]+ [HAS 44 (6.25) 
[H3AsO4] CT - [H2AsO-] - [HAs 
02-] 
_ [As 03-j (6.2()) 444 
K, [H3AsO4] KlK2[H3AsO4] [H3AsO4] CT - [H+] [H+]2 (6.2 
KlK2K3[H3AsO4] 
[H+ ]3 
[H3AsO4] CTI 1+K, + 
KK2 
+ 
KIK2K3 1 
[H+] [H+]2 [H+]ý 
Similarly, the remaining species are expressed as: 
[H2AsO-] = CTI 4 I+ 
[H'j 
+ 
1 
[KI] 
K2 
+ 
K2K3 
FH-+] [H+ j2 
(6.29) 
[HAs 02-] = CTI 4 I++ 
[H+] 
+ 
K3 
(6-30) 
KK2 K2 [H+] 
[As 03-] = CTI 4 I+ 
[H +]3 
+- 
[H +]2 
+ 
[H+j 
(6 
-3 
1) 
KjK2K3 K2K3 K3 
CT [H3AsO4] [H2AsO-] - [HAs 
02-] 
44 (6-32) 
The pH of potable water is in the range 6.5-8.5, hence both H As 02- and 4 
H2As Oý are present. The fraction of each species are approximately equal at 4 
pH 7 [33]. 
For each speciation diagram, (Figures 6.5-6-10) the pH range used for a(l- 
sorption isotherms, 4-9, is marked with two vertical lines. In this raii-o, 
pentavalent arsenic is present as H2AsO- and HA. s 02-. 44 
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01 
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pH 
Figure 6.5: As (V) speciation diagram, total concentration 
26.7 pmol/L 
Arsenite speciation 
Arsenite is considered to be more toxic than As (V) [34] and is more likelY to 
be found in anaerobic ground water. It exists as H3AsO3, an undissociated 
weak acid in the pH range 2-9 (Equation 6.33), therefore is more diffictilt to 
remove. The feed water is often pre-oxidised with either chloride or Imt assiiiiii 
permanganate to convert As (III) to As (V) [35]. 
As mentioned in Section 2.2.2, reduction of As (V) and oxidation of A.. -; (111) 
can occur in the presence of abiotic bacteria [36,37]. The presence of iron 
within sedimentary rock, also causes oxidation of As (111) [38]. 
H3AsO3-* H' + H2Aso3 
H2As0- --+ H' + HAs 
02- 
33 
pKa = 9.22 (6-33) 
pKa = 12.3 (6-: 34) 
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A similar procedure was used to calculate the speciation dia, am OT (Figure 6.6. 
Equations 6.33-6.41) the expressions for each species are given: 
H3AsO3 --+ H' + H2Aso3 
H2As0- ---> H' +H As 
02- 
33 
CT [H3AsO3]+ [H2AsO-] + [HAs 02-1 33 
[H3AsO 3 CTI 1+K, + 
I 
fH+] 
K, 1ý2 
2 H+ ] [ 
[H2Aso3-1 CTI I+ 
[H+] 
+ 
I 
[KI] 
K2 
[H+]] 
[HAs 02-) 3 CTI 1++ 
[H+l 1 
KIK2 K2 
CT - [H3AsO3] - [H2Aso3l 
30 
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o 0 
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[H2Aso3 ] [H'] 
10-9.22 (6-3.5) [H3AsO31 
[H As 02-] [H-'] K2 - 
[H 
3- lo- 12.3 (6-36) 
2AsO3] 
pH 
(6.37) 
(6.38) 
(6.39) 
(6-40) 
(¬ . 41) 
Figure 6.6: As (111) speciation diagram, total concentration 
26.7 pmol/L 
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Phosphate speciation 
The dissociation of phosphate and phosphite in water are similar to arý, ei)ý, te 
and arsenite, the equations for pentavalent phosphorus are given as [39]: 
HY 04 H' + H2P 04 
H2PO- H' + HP 02- 44 
HP 02- H+ + p03- 44 
pKa - 2.03 (6-42) 
pKa = 7.19 (6.43) 
pKa = 12.03 (644) 
Using a similar method as for arsenic, a speciation diagram can be constnicted 
(Figure 6.7). The total phosphorus concentration was 750 ppb (tlie niaxiniviiii 
value used in adsorption experiments). The total molar concentratioli iii Hic 
speciation calculations are approximately equal, 24-32 pmol/L. Full calctila- 
tions for all subsequent speciation diagrams are given in Appendix A. 
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The primary species in the pH range studied for the adsorption i. ý(-)theriils 
are H2PO- and HP 02-. At pH 7. the quantity 44 of these two species are 
approximately equal, also found for arsenate (Section 6.1.4). 
Phosphite speciation 
The equations for phosphite are similar to arsenite, (Equations 6.33.6.34) [391 
and the speciation diagram is found in Figure 6.8. 
H3P 03 
-+ H' + 
H2P 03- 
H2P 0- ---> H' +HP 
02- 
33 
25 
0 
E 
20 
0 
4-J 
4-J 
15 
0 U 
10 
0 
0 
CL 
o 0 
pH 
pKa - 1.8 (6.45) 
pKa = 6.13 (6.46) 
Figure 6.8: P (III) speciation diagram, total concentration 
24.2 pmol/L 
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Fluoride speciation 
The equation for fluoride dissociation in water is as follows [39]: 
HF ---> H' + F- pKa = 3.18 (6.471ý 
Hence a speciation diagram was constructed for a total fluorine concentration 
of 600 ppb (31.6 pmol/L), the maximum concentration used in adsorption 
experiments (Figure 6.9). In the pH range studied, F- is the dominant specie: -ý. 
Typical pH values of natural water are in the range 6.5-S. 5, wliere the iion- 
charged fluoride species is no longer present. 
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Figure 6.9: Fluorine speciation diagrarný total concentration 
31.6 pmol/L 
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Cadmium speciation 
The equations for cadmium dissociation in water [40]: 
Cd 2+ + H20 Cd(OH)+ + H+ pKa = 10.1 (6.4,, ) 
Cd 2+ + 2H20 Cd(OH)2(aq) + 2H+ pKa = 20.4 (6.49) 
Cd 2+ + 3H20 Cd(OH)3 + 3H+ pKa = 33.3 (0'. 50) 
Cd 2+ + 4H20 Cd(OH)2- + 4H+ 4 pKa = 47.4 (6-51) 
A speciation diagram was generated using Equations 6.48--6.51 for a total 
cadmium concentration of 3000 ppb, the maximum concentration used iii ad- 
sorption experiments (Figure 6.10). Across the pH range studie(l, pH 4 9, 
cadmium is present as a divalent, cation. 
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6.2 Experimental procedure 
The experimental procedures for both batch and column operations are given 
in the following section. The species studied in batch mode were arsenate, 
phosphate, fluoride and cadmium. All three iron oxide materials (NN, GEH 
and VL) were challenged with single species solutions up to a maximum con- 
centration of approximately 25-30 pmol/L in the pH range 4-9. Analytical 
techniques used for each species in addition to an estimation of the error in 
determining the concentration are given. 
Equilibrium concentrations of the anionic species studied were determined 
experimentally, at pH 4,7 and 9. This would enable a comparison to be made 
of the experimental and theoretical maximum capacity computed using the 
Langmuir model. 
Column runs were initially completed at pH 4 with an inlet concentration of 
6.67 ymol/L arsenic. Subsequent column runs to observe the effect of anionic 
uptake capacity were operated at an elevated concentration of 133 Amol/L at 
neutral pH. All experimental parameters were maintained, e. g. flowrate and 
amount of adsorbent used. Binary and ternary mixtures were used to observe 
the competitive effect of other anions on the uptake capacity of arsenic. The 
experimental procedure for column regeneration by sodium hydroxide is also 
given. 
6.2.1 Chemicals used 
Arsenate and fluoride solutions were prepared using Na2AsO4 . 7H20 and 
KF 
respectively and were supplied by Fisons. Phosphate solutions were prepared 
using Na2HP04 (Sigma). Aldrich supplied the cadmium 
(Cd(N03)2 . 4H20) 
and the standard solutions of sodium hydroxide, hydrochloric acid and pal- 
ladium modifier (palladium nitrate, 10wt % solution in 10wt 
% nitric acid). 
The NN and VL samples were prepared from FeC13-6H20 and 
FeCl3anhydrous 
respectively, in addition to NaOH pellets, all purchased 
from Fisher, UK. The 
analytical reagents used for the colorimetric method 
for phosphate determina- 
tion were ammonium molybdate and L-ascorbic acid 
(Fisons) and antimonyl 
potassium tartrate and concentrated sulphuric acid 
(Fisher). 
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6.2.2 Analytical methods 
Arsenic 
Arsenic concentrations were determined by Varian GTA-100 graphite furnace 
atomic adsorption spectroscopy using a co-injected palladium modifier (0.1 Vc 
Pd + 0.25 % citric acid). The lamp current was set at 10 inA. slit width 
0.5 nrn and a wavelength of 193.7 nm was used. A deuterium lamp was used 
as background correction and argon (flowrate 3 L/min) as the carrier gas. For 
each run, a four point calibration curve was constructed automatically. tising 
75 ppb As (V) bulk standard. The total volume of the sample was set at 30 j& 
comprising 12 pL sample, 11 pL palladium modifier and 71 pL deionised water. 
Samples were injected twice and the average of the two absorbance values 
taken. Two samples, one at a low concentration, 100 ppb, ýind aiiother at 
a higher concentration of 2 ppm were injected ten times to deterilline Hie 
experimental error. The standard deviation of the two sets of teii sampIc, 
were taken thus: 
1: (ýt - X, 
)2 
error value =ý(N (6... -)')) 
where -T = average value 
xi = individual concentration value 
N= total number of values 
The error value as determined by Equation 6.52 was 2% for 100 ppb and 
4 '/c 
for 2 ppm. Both the initial and equilibrium concentnitions were measured 
using the same calibration curve. The steps for the ii. shing procedure are given 
in Appendix B. 
Phosphate 
Analysis was carried out using a colorimetric method 
(Murphy and RileN, [41]). 
125 ml 5N sulphuric acid and 37.5 ml ammonium molý-bdate 
(20 g in 500 inl) 
were mixed in a 500 ml Duran glass flask. 75 ml of 
0.1 M ascorbic acid Nva-ý 
then added and the solution mixed. Finally, 
12.5 ml of potassium antlinoii. yl 
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tartrate (1 mg Sb/ml) was added. This solution enabled phosphorus anal- 
ysis to be carried out with a Perkin Elmer Lambda 12 dual beam UV/VIS 
spectrophotometer, at a wavelength of 882 nm. 
A new reagent was prepared for each batch of samples, as degradation occurs 
after more than 24 hours. Therefore, a new calibration curve was required for 
each run and the R2 value were always greater than 0.99. To determine whether 
there was a time effect on absorbance values, the samples were reanalysed after 
20 minutes. The difference between the two reading for several samples across 
the concentration range used was less than 4 %. 
A reagent blank was prepared using 20 ml deionised water and 4 ml of the 
reagent added to a 25 ml volumetric flask, and the solution volume made up 
to 25 ml. Calibration standards of 250,500,750 and 1000 ppb phosphorus 
were also prepared using this method. A known quantity of each phosphorus 
sample was decanted into a 25 ml volumetric flask and the solution volume 
made up to 20 ml. 4 ml of the mixed reagent was added, the contents diluted 
to 25 ml and the flask left for 10 minutes for the complexation reaction to 
occur 
A correction was made to the absorbance using a blank, then the calibration 
samples and phosphorus samples were measured. 1 ml of each solution was 
transferred into a euvette and the absorbance at 882 nm noted. A plot of log 
absorbance vs. log concentration (log(A882) VS- 109(Cp)) Was constructed and 
the equation of the line of best fit was determined (Equation 6.53). 
log(A882) ýM 109(CP) +C (6.53) 
where log(A882) = log absorbance at 882 nm 
m= gradient of the line 
log(CP) = phosphorus concentration (Mg/L) 
c= intercept 
Unknown values of phosphorus concentration can therefore 
be found using the 
equation below: 
p= 
lo((iog(A882)-C)/M) (6.54) 
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Fluoride 
Analysis was carried out using a Dionex 4500i ion chromatograph with gradient 
pump and conductivity detector. An IonPac AS11 column (4x250 mm) with 
an IonPac AG guard column (4x50 mm) was used for isocratic separation 
(constant eluent concentration) using 21 mM sodium hydroxide. The flowrate 
of the eluent was maintained at 2 ml/min. An anion trap column was fitted 
before the pump to remove trace anion contaminants in the eluent. After 
the separating column, the eluent passed through an anion micromembrane 
suppressor (regenerant 50 mM H2SO4), then to the conductivity detector. The 
total run time was five minutes and the output graph was analysed by AI-450 
chromatography software. 
A four point calibration curve was constructed, with a maximum concentration 
of 1 ppm. and an R' value of 0.999. Each sample was manually injected twice 
and an average value for the output was taken. Two samples, one at a low 
concentration, 100 ppb, and another at a higher concentration of 500 ppb were 
injected ten times to determine the experimental error. Using Equation 6.52, 
the error was 2.5 % at lower concentration and 5% at higher concentration 
values. 
Cadmium 
The solutions were analysed using Spectra AA-200 flame emission atomic ad- 
sorption spectroscopy under oxidising conditions. An air/acetylene mIX with 
an air flow 13.5 L/min was used. The lamp was set to 4 mA current and a 
wavelength 228.8 nm, slit width 0.5 nm, using no background correction. For 
each run both the initial and equilibrium concentrations were measured using 
the same calibration curve. A five point calibration curve was constructed us- 
ing a bulk standard of 1 ppm. An error value for cadmium was determined 
by 
injecting two samples, namely 500 ppb and 3 ppm, ten times. The standard 
deviation was taken (Equation 6.52), the values were determined to 
be 3% 
and 5% respectively. 
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6.2.3 Batch experimental procedure for arsenic 
Adsorption experiments were carried out at each pH value in the range 4-9 
and for each material, namely NN, GEH and VL- Two 5 litre volumetric flasks 
of 100 ppb As (V) were prepared by dissolving Na2H'ý'S 04 - 7H20 (Sodium 
arsenate), in deionised distilled water. The first flask, Col was used to prepare 
all of the NN samples in the range pH 4-9, i-e. six samples in all and GEH in 
the range pH 4-7. The second flask, C02was used to prepare the remaining 
GEH samples, i. e. at pH 8 and 9 and VL across the pH range 4-9. 
In each case, 490 ml of solution was decanted into 500 ml Nalgene bottles 
and adjusted to the desired pH value by the addition of a known volume of 
approximately 0.1 M HCI or NaOH (titrated values by the manufacturer of 
0.1021 M and 0.1033 M respectively), prior to the addition of 5 mg of material. 
The sorbent was weighed on a Sartorius BP210D balance, accuracy ±0.0005 g. 
The particle size of the material used was 150-300 pm. 
The sample bottles were agitated at 25 ± 1'C in an orbital shaker and the pH 
maintained at its initial value by addition of acid or alkali twice a day. Any 
addition to the solution volume was noted and was < 0.5 % of the total batch 
volume. It was assumed that the solutions had reached equilibrium when there 
was no change in the pH. The arsenic capacity of the material was calculated 
as shown below. 
=(Co Vo - 
Ceq Veq)/M 
where q adsorption capacity (mmol/g) 
C', initial concentration (mmol/L) 
V" initial volume of solution (L) 
Ceq equilibrium concentration (mmol/L) 
Ve 
q equilibrium volume (L) 
M mass of dry adsorbent (g) 
(6-55) 
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Isotherms for all three samples were carried out in the pH range 4-9. Thl"; 
method was repeated for As (V) concentrations 200,400, . 500.750,1000 and 2000 ppb. A summary of the conditions is given in Table 6.2. 
Table 6-2: Summary of final experimental conditions 
Variable 
_ 
--: Jý-Sýamppllee value 
Particle size ( pm) 150-300 
pH range 4-9 
Concentration range ( pM) 0-30 
Volume (ml) 490 
Mass of adsorbent (mg) 5 
Reagents used to control pH O. 1. NI NaOH, HCI 
Temperature (OC) 25 ±1 
6.2.4 Batch experiments for other species studied 
A similar batch experimental method (molar concentration and pH range, and 
weight: volume ratio of adsorbent: adsorbate) was used for each of the reniainiii, ý'. 
species to be studied, namely, phosphate, fluoride and cadmium. 
6.2.5 Maximum equilibrium value concentration 
The equilibrium concentration value at three pH valne. s. naniclly 4.7 and 9 "'as 
determined. 10 ml 21.8 mmol arsenate solution (as prepared for zeta potential 
analysis, Section 5.2.3) was transferred into a 25 ml Erlenme. N-(, I- flask. Three 
such flasks were prepared and the pH of the solutions were adjusted to 4.7 
and 9 respectively by the addition of a known quantity of 0.1 M NaOH and 
0.1 M Hcl. 
5 mg of sample NN, GEH and VL was weighed on a Sartorius 
BRIIOD bahllw(ý. 
accuracy ±0.0005 g and transferred to each of the pre-adjusted 
flasks. The 
CV/m ratio used to determine the maximum value was approximatelý- 
16 
greater than the maximum used for batch adsorption isotheriiis. 
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This method was repeated for similar molar concentrations of fluoride and 
phosphate, i. e. 27 flasks in total. The flasks were sealed with Parafilm and 
placed in an orbital shaker for four weeks at 25 'C. After which, the samples 
were washed in 25 ml of deionised distilled water then 25 ml 0.1 M NaOH. 
The samples were resealed with Parafilm and left overnight for elution to take 
place. The supernatant was removed and analysed for the respective anion, 
described in Section 6.2.2. 
6.2.6 Mini-column experiments 
Initial mini-column experiments 
Approximately 0.2 g NN sample (150-300 pm) was weighed on a Sartorius 
BP210D balance, accuracy ±0.0005 g and transferred into a1 ml nominal ca- 
pacity empty solid phase extraction (SPE) column containing 20 pm polyethy- 
lene frit (Thames Restek, Windsor). A PTFE valve was attached to the bottom 
of the column and deionised water added. A vacuum was applied to remove 
any air trapped in the sorbent pores and any air bubbles in the bed were 
also removed. Another frit was added to the column after pre-treatment to 
promote an even flow distribution. The diameter of the column was 5.6 mm 
and the wetted bed height of adsorbent was 8 mm, hence the bed volume was 
0.2 CM3 (calculated using Equation 6.14). 
A column adapter was attached to the top of the column to allow PTFE tubing 
to be fitted into the column. The column was fed at room temperature with 
500 ppb As (V) solution at pH 4 via a Watson-Marlow MHRE 22 multi-head 
peristaltic pump. This arsenic concentration value was chosen as arsenic 
levels 
of this order are found in aquatic environments. 
Silicone rubber tubing, 1.5 mm bore was used for the pump 
head, 0.5 mm 
wall thickness, which resulted in a flowrate of 3.8 ml/hr. 
This was attached 
to Tygon Pvc tubing and then PTFE tubing fed into the columns. 
An empty 
6 ml SPE cartridge was used as an additional reservoir of 
feed. 
Prior to the column being attached, the feed solution was 
fed through the 
tubing to remove any impurities from the rig. The effluent was 
fed to a sample 
collector, controlled by a Mitsubishi Fxo 14 PLC containing 
borosilicate glass 
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test tubes. The samples were collected every fifty minutes and the effluent 
was analysed for arsenate, using the SpectraAA 200 graphite furnace GTA 
100. The pH of each sample was measured on a. \Iettler Toledo 340 pH probe 
calibrated at pH 4 and 10. A similar experimental method was used for a 
column containing GEH sample. 
Single component 
There was no evidence of any arsenic breakthrough after 35-40,000 bed ý-ol- 
umes of 500 ppb As (V) solution had been passed through the two columns. 
Hence, a new set of experiments to test all three iron oxide samples were coni- 
pleted with a 0.133 mmol/L initial concentration at a neutral pH. Although 
such a high level of arsenic concentration is unlikely to be found in aqimt1c 
environments, it was necessary to increase the concentration to enable experi- 
ments to be carried out within a week. The flowrate was also increased slighth, 
to 4.7 ml/hr for sufficient sample to be collected for multi component analysi-; 
For all subsequent column experiments, the same conditions Nvere ilse(l (sec 
Table 6.3). A photograph of the column set up is found in Figure 6.11. 
Table 6.3: Mini-column operating parameters 
Variable Value 
Particle size (/-Lm) 150-300 
Mass of adsorbent (mg) 200 
Column diameter (cm) 0.56 
Bed height (cm) 0.8 
Bed volume (cm 
3) 0.2 
Flowrate (ml/hr) 4.7 
Bed volume/hr 24 
Superficial liquid velocity (m/s) 6.63x 
10-5 
Empty bed contact time (mins) 2.52 
Time per sample tube (mins) 50 
pH range 
Concentration ( ymol/L) 133.5 
Temperature (OC) 22 ±9 
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I 
ýý40 
Figure 6.11: Mini-column experimental set up 
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Multi component 
Several mixtures of anions were prepared to observe the competitive effects 
of other anions on the arsenic uptake capacity. A similar experimental pro- 
cedure was used for multi component column runs. Binary solutions of ar- 
senate/phosphate, arsenate/fluoride and phosphate/fluoride were prepared. 
Equimolar solution concentrations of 0.133 mmol/L were used in each case, 
e. g. 0.133 mmol/L arsenate + 0.133 mmol/L phosphate at neutral pH, 7.6-7-8. 
In addition, 0.133 mmol/L ternary solution of arsenate/phosphate/fluoride 
was also used i. e. 0.133 mmol/L arsenate + 0.133 mmol/L phosphate + 
0.133 mmol/L fluoride in column runs for all iron oxide samples. 
Regeneration 
An experimental procedure was developed to determine whether the loaded 
iron oxide samples could be regenerated. After the columns had been loaded 
with anions from the previous sets of experiments, 500 BV (100 ml) deionised 
distilled water was fed to the rig, to remove any remaining impurities. After 
which, 0.1 M NaOH was fed at 4.7 ml/hr for 8 hours, samples were collected 
every 30 minutes. 
6.3 Results and Discussion 
Three iron oxide materials were challenged with three anionic (arsenate, phos- 
phate and fluoride) and one cationic (cadmium) species. One iron oxide was 
produced at Loughborough University, according to the experimental proce- 
dure outlined in Section 3.2.4, designated NN. Another material was also 
produced at Loughborough University, (see Section 3.2.5) although the 
finish- 
ing procedure was simpler, designated VL. The final iron oxide used was a 
commericially available sample supplied by GEH, Wasserchemie 
(GEH). 
The uptake capacities for each species studied was determined 
in batch mode, 
up to a maximum concentration of approximately 28 ±4 pmol/L 
in the pH 
range 4-9. The data was fitted with both the Langmuir and 
Freundlich 
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isotherm models, each providing a reasonable fit. The monolayer values cal- 
culated from the Langmuir model were compaxed to those determined experi- 
mentally. 
The effects of pH and type of material on the uptake capacity was studied and 
in conjunction with the physical and chemical characteristics found in chapters 
4 and 5, possible mechanisms were postulated. 
In column mode, the iron oxide samples were challenged with 0.133 Amol/L 
arsenic, to determine the arsenic capacity and breakthrough curve chaxacter- 
istics. Binary (arsenate/phosphate, arsenate/fluoride and fluoride/phosphate) 
and ternary (arsenate/fluoride/phosphate) mixtures were investigated to de- 
termine the effect of the presence of competing anions on the axsenic capacity 
and breakthrough curve characteristics. This enabled quantitative calculations 
of distribution coefficients of each species within multi component systems for 
each sample to be computed. 
Elution of all column runs were completed within 60 bed volumes, under non- 
optimum conditions (a specified flowrate and concentration of NaOH). All iron 
oxide samples were able to be regenerated using 0.1 M NaOH, removing more 
than 85 % of all adsorbed species. 
6.3.1 Arsenic isotherm data 
For each iron oxide studied, the Langmuir and Freundlich parameters with 
their respective correlation coefficients are given in Tables 
6.4 and 6.5 and 
isotherms in the pH range 4-9 in Figures 6.12-6.14. The theoretical values 
for 
monolayer coverage calculated by the Langmuir model 
(see Equation 6.1) can 
be compared to an equilibrium value, experimentally 
determined at three pH 
values, namely 4,7 and 9 (see Table 6.6). 
The Langmuir model under-predicts the monolayer coverage value 
(a) for all 
materials across the pH range. At low pH, the values 
in Tables 6.4 and 6.6 
axe comparable. The difference between the experimental value 
and predicted 
value increases with increasing pH and a values 
for sample NN being better 
predicted than the other two samples. 
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The changes in the type of arsenic complex binding with the surface is depen- 
dent on surface loading (number of available sites) and pH. These changes are 
explained further in the following sections. This may be due to the limitatinil'N 
of the Langmuir model, which does not take into account the degree of 
tallinity, the change in speciation or changes in the surface charge. Hence the 
Langmuir model does not provide a very close fit to the data, as changes in 
surface complexation are not taken into account. 
Table 6.4: Parameters for the Langmuir model a (mmol/g) and b 
(L/mmol) and correlation coefficients (R') for all samples for arse- 
nate adsorption 
NN GEH VL 
pH b R2 a b R2 -b R2 
4 1.210 180 0.986 1.180 158 0.982 0.955 113 0.! )ýS-I 
5 0.908 174 0.987 0.981 148 0.981 0.855 69 0-9 ýý "-" 
6 0.641 223 0.975 0.646 201 0.976 0.815 12 0.993 
7 0.626 138 0.992 0.512 176 0.994 0.921 17 0.980 
8 0.584 102 0.997 0.482 150 0.982 0.897 5.2 0.9 ýs -) 
9 0.578 81 0.987 0.378 142 0.977 0.711 18 0.979 
Table 6.5: Parameters for the Freundlich model, k 
((mmol/g)(L/mmol)'/') and n, and correlation coefficients 
(R2) for 
all samples, for arsenate adsorption 
NN GEH 
pH k n R' k n R' k R' 
4 10.71 1.74 0.964 11.02 1.66 0.960 8.72 1.74 0.9, ý 8 
5 8.63 1.69 0.959 9.72 1.62 0.946 10.30 l. -D4 0.956 
6 5.08 1.88 0.972 5.25 1.82 0.953 7.41 1.58 0.956 
7 5.69 1.65 0.974 4.31 1.76 0.960 6.99 1.53 0.967 
8 4.90 1.60 0.979 3.39 1.82 0.950 8.82 1.31 0.971 
9 4.56 1.56 0.956 5.36 1.43 0.899 - 6.51 1.32 0.950 
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The correlation coefficients were higher for the Langmuir model. hence. in 
Figures 6.12-6.14, the points are the experimental data and the lines describe 
the Langmuir fit of the data. As was demonstrated in Section . 5-3.2. the surface 
of iron oxide can be positively or negatively charged. depending on the pH of 
the system, i. e. that the surface is amphoteric. For acti-vated alumina. which 
is similar to iron in that it is amphoteric. Lin and Wu [421 found that both 
the Reundlich and Langmuir models fitted, although the latter gave a more 
suitable fit. 
Table 6-6: Maximum values for arsenate 
q (mmol/g) 
pH NN j GEH 1 VL 
4 1.30 1.17 0.98 
7 0.89 0.77 0.79 
9 0.77 0.70 0.64 
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Figure 6.12: Sample NN arsenic uptake capacity, pH range 
4-9 
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Figure 6.13: Sample GEH arsenic uptake capacity, pH range 4-9 
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Figure 6.14: Sample VL arsenic uptake capacity. pH range 4 1) 
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Effect of pH 
The arsenic isotherms for each material were examined in the pH range 4 1). 
From Figures 6.12-6.14, the uptake decreases as the pH increases. ýis would 
be expected for anion exchange. Driehaus et al. [43] also found for a granular 
ferric hydroxide that arsenate adsorption decreased with increasing pH. Similar 
results were also found for two-line ferrihydrite [44] and goethite [45]. 
Arsenate under most pH conditions is present as a negative species (Figure 
6.5). The isoelectric point IEP for the samples is approxlmateIN- near neutral, 
pH 7-8 (see Section 5.3.2). Hence at pH 4, the surface is positively charged alld 
will attract anions. For protonated anions such as arsenate and phosphio(ý. 
ligand exchange may be accompanied by a deprotonation itt the surface, re- 
sulting in a bidentate inner-sphere bonding (two bonds with the iron oxide 
surface, see Equations 6.56-6.57) [40]. Evidence from Section 5.2.3. I. c. the 
isoelectric point of all three samples was lower in the presence of arsenate aild 
phosphate, also indicates the presence of inner-sphere complexes. Figure 6 15 
illustrates both monodentate and bidentate bonding using arsenate complexes. 
Fe 
/0 
Fe - 0. 0 
Fe -0... - As.., F, As 
0 
'11110 
-'*', ', '**o F -0 
0 ýo Fe Fe 
(a) Monodentate (b) Mononuclear bidentate (c) Binudear 
b1dentioc 
Figure 6.15: Arsenate surface complexes 
[46] 
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= ip- ru0H + H2As04 +-+ =- Fe H2As04 + OH- 
ýS02- FeH2As04 FeH 4+ H+ 
(6-56) 
(6-57) 
As the pH increases, the degree of positive surface charge decreases, lower- 
ing the attractive forces towards anionic species. Neutral adsorption occurs 
through proton dissociation from the acid surface. Adsorbed species obtain a 
proton from solution to equilibrate with the solution [47]. At pH > 1EP there 
is some arsenic adsorption despite there being mutual repulsion between the 
negative surface and anionic species. Hence, the energy gained by the surface 
in fortning new bonds with the anion must be greater than the repulsive forces, 
for any adsorption to occur. In addition, the speciation of arsenate changes 
from H2AsO4_ to HAs04 2- , increasing the negative charge of the species. Re- 
moval at higher pH by specific adsorption is possible, if the undissociated acid 
donates a proton to the surface hydroxyl. group to form water that can be 
displaced by the anion [48]: 
= L-- 02- 02- 
. L, u, 
OH + HAS 4 *--+ = FeHAS 4+ OH- 
Fe As 03- + H20 4 
(6.58) 
(6-59) 
Any cationic counter-ions (Na+) would be attracted to the surface at pH > 
IEP would balance the negative charge due to -=FeHAso2- . 
Lower capacity 74 
compared to site availability is due to the bidentate surface formation and 
electrostatic repulsion [49]. 
Effect of material 
All iron oxide samples tested exhibited a similar arsenic capacity, the 
highest 
at pH 4. NN had the highest removal capacity 
(, 1 mmol/g) followed by 
GEH and VL, both approximately 0.9 mmol/g. This is 
in agreement with the 
ions released chaxt (Figure 5.7, Section 5.3.1), which 
indicated that the NN 
surface possessed a higher quantity of positive surface sites. 
Specific surface 
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area does not appear to affect the uptake capacity, as sample NN possessed a 
specific surface area greater than VL, but smaller than GEH. The degree of 
crystallinity however, appears to have some bearing on the isotherm results, from a reduction in the availability of surface sites or bonding energy [501. 
Waychunas et al. [51] determined that bidentate ligands were the primary 
species on akaganeite with very little monodentate bonding. Higher quan- 
tities of mondentate coverage were evident on amorphous material, such as ferrihydrite, but less common in more crystalline polymorphs, i. e. goethite 
and akaganeite [521. Hence a higher capacity would be expected in ma- 
terials that are more amorphous This concurs with the trend in capacity 
(NN>GEH-VL) and results from XRD analysis from Section 4.4.6 indicating 
crystallinity (VL-GEH>NN). Some maintain, however, that crystal structure 
has no effect on adsorption capacity [53,54]. 
Effect of speciation 
As seen from Figures 6.5-6.8, the speciation of arsenate and phosphate are very 
similar across the entire pH range. Hiemstra and Van Riemsdijk [55] calculated 
the relative surface speciation of phosphate on goethite at equilibrium levels 
of 10-' M and 10-' M phosphorus, see Figure 6.16. 
ROM FT-IR spectroscopy there is evidence of three adsorbed species, depen- 
dent on anion loading and pH. Protonated bidentate species at low pH pre- 
dominate, in the mid pH range bidentate species and monodentate species at 
high pH. Bidentate bonding is preferred over monodentate (single bond with 
the surface) at low pH as two bonds form with the surface, which contributes 
the highest to balancing the charges and releases the most electrostatic energy. 
At high pH, the species with the mean centre of change furthest away from 
the surface is preferred, i. e. monodentate [55]. 
Similarly with increasing surface loading, the electrostatic chaxge increases in 
the diffuse layer, increasing the negative repulsion. Hence, the species that con- 
tributes the least negative charge to the outer plane is preferred, 1. e. bidentate. 
Waychunas et al. [52] have found Fe202AsO2 bidentate species dominant at 
low concentration < 200 mmol/g [46], with monodentate species also evident. 
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Figure 6.16: Relative surface speciation of phosphate at (a) 10- and 
(b) 10-' M phosphorus [55] 
This may explain the existence of two parts of the arsenic isotherms (Figures 
6.12-6-14). At low surface loading, the dominant species is monodentate. \, 
the amount of arsenate on the surface increases, bidentate species donlirl, lTe. 
hence lowering the overall capacity as two active surface sites are required. 
8 
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Possible uptake mechanism 
It is generally agreed that for both aluminium and iron oxides. amcm uptake 
occurs via ligand exchange with surface hydroxyls and/or surface aquo groups. 
Direct evidence for ligand exchange is given by infra red spectroscopy [56. JI 
X-ray adsorption near edge spectroscopy (XANES) [58] and extended X-raý- 
adsorption fine structure (EXAFs) analysis [46,51,52,59]. 
It is assumed that ligand exchange occurs where the anion forms an inner- 
sphere complex with the metal cation on the oxide surface. N,, -hich was I)ouiid 
to the hydroxyl group. To maintain the overall electroneutralitý- of Hie sm- 
face, cations and anions from the background electrolý-te forin outer-splicre 
complexes on the boundary with the diffuse swarm [6] (Figure 6.17). 
// 
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Fe -OH . ........ Cl - 
_O 
Z/ 
2 
Fe -0 H 
-0 
// 
\p 
\ 
Fe -0 . .......... Na+ 
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Z 
\ 
Fe -F . ........ Na+ 
-0 
Z 
\ 
Fe -OH 
-0 
// 
\ 
cu+ . --ci - 
Fe -0 
Figure 6.17: Possible complexes at the 
iron oxide surface [60] 
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A possible mechanism, analogous to phosphate adsorption described by Gold- berg and Sposito is given below [6]: 
FeOH +H3AsO4 Fe H2AsO4+ H20 (6-60) 
FeOH + H3AsO4 FeHAso4 + H20+ H+ (6.61) 
FeOH + H3AsO4 +-+ FeAs04 + H20+ 2H+ (6.62) 
Allowing for bindentate bonding [61]: 
2(=- FeOH) + H3AsO4 -=Fe2HAsO4+ 2H20 (6-63) 
2(-= FeOH) + H3AsO4 =Fe2AsO4 + 2H20+ H+ (6-64) 
6.3.2 Phosphate isotherm data 
For each material studied, the Langmuir and Freundlich parameters in addition 
to their correlation coefficients are given in Tables 6.8 and 6.9 and isotherms 
for the pH range 4-9 in Figures 6.18-6.20. Both the Freundlich and the Lang- 
muir model gave a suitable description of the data. The theoretical values 
calculated by the Langmuir model can be compared to an equilibrium value. 
experimentally determined at three pH values, namely 4,7 and 9 (Table 6.7). 
The trend seen for axsenate is reversed for phosphate adsorption, i. e. the Lang- 
muir model over-estimates the uptake capacity for all materials across the pH 
range. Similar molar concentration values were used to enable a comparison 
of uptake capacity between all species studied. Comparing Figures 6.12-6.14 
and 6.18-6.20 it can be seen that the isotherms for phosphate adsorption are 
more lineax than for arsenate. Hence, some a values may be unrealistically 
high, as capacities were not determined at higher concentrations, indicating a 
limitation of the Langmuir model. 
Other parameters which might affect the goodness of fit of the Langmuir 
model, such as changes in the surface complexes7 dependent on pH and surface 
loading, would be expected to be similar to arsenate. 
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However, as found previously (Section 6.3.1), the Langmuir model gave a bet- 
ter fit of the experimental data. Hence, in Figures 6.18-6.20. the point< rep- 
resent experimental data and lines the Langmuir approximation of tli(, data. 
Table 6-7: Maximum values for phosphate 
q (mmol/g) - 
pH NN TGEH I VL 
4 1.09 0.94 0.78 
7 0.74 0.66 0.48 
9 0.57 0.50 0.35 
Table 6.8: Parameters for the Langmuir model a (mmol/g) wid 
b (L/mmol) and correlation coefficients (R') for all samples, for 
phosphate adsorption 
NN GEH VL 
pH_ a b R2 a b R2 a b R2 
4 1.136 69 0.990 1.16 56 0.991 1.070 82 0.998 
5 1.316 37 0.994 1.896 22 0.997 1.542 33 0.998 
6 1.877 17 0.996 2.685 12 0.981 1.563 25 0.997 
7 4.143 5 0.999 3.058 8 0.998 3.271 8 0.995 
8 0.620 39 0.987 1.380 13 0.998 9.728 2 0.999 
9 0.676 26 0.996 0.607 28 0.992 3.308 5 0 -99 S 
Table 6.9: Parameters fo r the Freundlich niodel, k 
((mmol/g) (L/mmol) 1/n ) and n, and correlation coefficients (R') for 
all samples, for phosphate adsorption 
NN GEH Vil 
pH k n k n R 
k_ 
4 
5 
6 
7 
8 
9 
14.09 
14.35 
14.37 
16.35 
10.54 
12.08 
13-3 33 
1.23 
1.16 
1.06 
1.10 
1.01 
0.995 
0.992 
0.997 
0.998 
0.983 
0.979 
13.20 
20.46 
23.39 
17.18 
11.01 
9.28 
1.31 
1.12 
1.01 
1.06 
1.08 
Loi 
0.996 
0.997 
0.99 1 
0.996 
0.999 
0.988 
8.73 
12.79 
12.31 
14.45 
16.48 
24.31 
1.57 
1.30 
1.24 
1.13 
1.03 
0.90 
0.996 
0.996 
0.996 
0.992 
0.999 
0.975 
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Effect of pH 
A similar trend was found for phosphate as for arsenate, i. e. the capacity 
decreases with increasing pH (Figures 6.18-6.20). Similar equations concluded 
for arsenate can be constructed for phosphate adsorption M low pH with it 
positively charged iron surface (see Equations 6.56-6.59) [40]: 
Fe H2P 04 +0 H- FoOH + 
H2PO4 
= V- p02- + H' FeH2PO4 +--+ -rI:: 
H4 
(0'. 6 5) 
(6. ; tj; ) 
As the pH increases, the degree of positive surface charge (lecreases. lowering 
the attractive forces towards anionic species. At pH > IEP. both the surface 
p02 and the ions (primarily H 4- rather than H2PO4 
) in solution are negatively 
charged, hence there is no coulombic attraction. 
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Adsorption occurs if the undissociated acid donates a proton to the surface hydroxyl group to form water that can be displaced by the anion [481: 
== FeOH + Hpo2- +--> =- FeHpo2- + OH- 44 (6-67) 
Fepo3- 4+ H20 (6-68) 
The overall phosphate adsorption capacity was approximately 25 % lower than 
arsenate. The chemistry of arsenate and phosphate axe similar (Figures 6.5 
and 6.7) and it would be expected that a similar process would describe the 
adsorption mechanism (Equations 6.60-6.62). The effective ionic radii at 25 *C 
for both arsenic and phosphorus axe both approximately 4A [62]. However, 
Lumsdon et al. [571 determined that the arsenate was a larger ligand than 
phosphate (As-0 bond 8-14% longer than P-0 determined by FT-IR anal- 
ysis), hence arsenate interacts more strongly with OH- at the surface and is 
preferred. 
Jain and Loeppart [63] discovered that phosphate adsorption was slightly lower 
on ferrihydrite, indicating that arsenate is preferred over phosphate. If As (V) 
is desorbed by P (V), only a proportion is removed which indicates that there 
are different sites available for arsenate and phosphate [64]. Hingston et al. [45] 
also concluded that for goethite, there were surface sites common to both 
anions, and others that one or other preferentially adsorbs onto. 
Manning and Goldberg [65] found that the uptake of both phosphate and 
arsenate are similar for goethite at near neutral pH. This is in agreement with 
the results from this study found that uptake capacities were - 0.48 mmol/g 
and - 0.45 mmol/g for arsenic and phosphorus respectively. The similarity 
in uptake may be due to the change in bonding type, as the pH increases 
monodentate bonding increases at the surface. Hence, the iron oxide surface 
appears to have a similar affinity for both arsenate and phosphate monodentate 
complexes. 
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Effect of material 
The trend for phosphate uptake and sample type was similar to that of arsenate 
i. e. NN gave the highest uptake, 0.75 mmol/g., followed by - 0.65 niniol/g for 
both GEH and VL. As for arsenate, this trend follows the degree of crystallinity 
of the iron oxide materials studied the most amorphous (NN) with the highest 1 Z75 
capacity, decreasing with increasing crystallinity. 
FT-IR evidence indicates that on more crystalline material, such a, -ý ffoethite 
and akaganeite, bidentate bonding is the sole type of phosphate species ad- 
sorbed [66]. However, Figure 6.16 illustrates that some monodentate species 
can exist at higher pH and lower anion loading. Hence a similar trend is ex- 
pected for phosphate, that monodentate species are less likely to form oii more 
crystalline material, due to the different surface sites available (51]. 
Effect of speciation 
Bidentate species are preferred at low pH as more electrostatic enerp-N- is re- 
leased by two bonds formed with the iron oxide surface, and hence is more 
stable than monodentate bonding [67]. Similarly at high pH, a larger specles' 1ý- 
preferred as repulsion forces are lower. Monodent, ate species are more (, N, ideiit 
at lower surface loading, with bidentate species preferred at higher loa(Iiii"), iiS 
they contribute least negative charge to the diffuse kiyer by li,, iving die iiieaii 
centre of charge nearer the surface [68]. Hence this provide. s an explarlýltloii 
to the over-prediction of the Langmuir model, due to depeiidence of siirface 
coverage on bonding mechanism and the observation of týN-o swctioiis iii Hie 
phosphate isotherms (Figures 6.18-6.20). 
Possible uptake mechanism 
As mentioned previously, the chemistry of phospliate 
is very similar to arse- 
nate, Goldberg and Sposito suggest the 11 uptake mechanism 
's as follow-, i( ()ý V ý- 
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= FOOH + H3PO4 *"-+ = FeP04H2 + H20 
= FeP04H2 
= FeP04H- 
Allowing for bidentate species [70]: 
+--* =: FeP04H- + H+ 
Fe p 02- 4+ H+ 
(6. 
(6.71()) 
(6.71) 
2(-= FeOH) + H3PO4 +--ý == Fe2PO4H + 2H20 (6.72) 
= v- "--2P04H 
, "'-Y04 (6.73) 
6.3.3 Fluoride isotherms 
For each material studied, the Langmuir and Freundlich parameters and i-(, - 
spective correlation coefficients are given in Tables 6.10 and 6.11 and isot lierilis 
for the pH range 4-9 in Figures 6.21-6.23. The theoretical values calculilted I)y 
the Langmuir model can be compared to an equilibrium value, experinientally 
determined at three pH values, namely 4,7 and 9, see Table 6.12. 
Similar to the trend noted for phosphate adsorption, the Langrnuir model geli- 
erally over-estimates the uptake capacity for all materials iici-oss the pH raii"-(,. n 
Similar molar concentrations were used to enable a comparlsoil of Hic respec- 
tive uptake capacities of arsenate and fluoride. However, problems weiv en- 
countered implementing the Langmuir equation at lwx fluoride concentrati0ii, 
(600 ppb), resulting in almost linear isotherms (Figures 6.21- 0-23). Heilce. 
some a values may be unrealistically high, as capacities were not determined 
at higher concentrations, indicating a limitation of the Langmuir model. 
Both the Langmuir and the Freundlich isotherm models gave a suitable fit of 0 
the data, however, the R2 coefficients were higher for the Langmuir fit. Hence. 
in Figures 6.21-6.23, the points represent experimental data and the soll(I lines 
the Langmuir model. 
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Table 6.10: Parameters for the Langmuir model 
b (L/mmol) and correlation coefficients (R 2) for 
fluoride adsorption 
I (mmol/g) and 
all samples, for 
NN GEH VL 
PH a b R: 2 a R 2- a b 
- - - - - 4 2.508 118 0.997 3.191 73 Ö . 998 2. 255 164 0. (-)1)1 5 2.581 69 0.998 2.644 73 0.998 2.151 93 1.000 
6 2.653 42 0.999 2.606 43 1.000 3.568 31 0.9, ý8 
7 4.355 17 0.991 2.865 26 1.000 2.970 29 0.996 
8 10.628 4.8 0.993 5.938 9 0.998 16.67 3 0.999 
9 1.936 18 0.979 3.630 9 0.995 6.725 6 0. () () 2i 
Table 6.11: Parameters fo r the Freundlich model k 
((mmol/g) (L/mmol) I/n ) and n, and correlation coefficients 
(R2) for 
all samples, for fluoride adsorption 
NN GEH 
- 
VL 
pH k n R2 k n 
T R2 k n R'2 
4 15.17 1.85 0.994 15.96 1.83 0.994 14.06 1.93 0.982 
5 16.22 1.66 0.998 17.63 1.64 0.994 12.81 1.80 0.998 
6 15.24 1.43 0.999 15.09 1.56 0.999 18.36 1.47 0.991 
7 31.34 1.16 0.986 15.02 1.43 0.999 19.50 1.35 0.999 
8 52.97 0.96 0.975 8.65 0.66 0.989 25.79 1.19 0.995 
9 35.05 0.93 0.987 21.42 1.08 0.995 76.51 0.85 0.97.7) 
Table 6.12: Maximum values for fluoride 
q (mmol/g) 
- pH NN I (ý EH F VL 
4 2.64 2.88 2.35 
7 1.6 7 1.73 1.62 
9 1.58 1.62 1.50 
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Effect of pH 
Adsorption of fluoride onto iron oxide samples is strongly pH dependent. A'ý 
the pH increases, the fluoride capacity decreases. At pH > 6, fluoride removal 
decreases further as a result of stronger competition from hydroxide ions on 
the adsorbent surface. The decrease is particularly sharp above pH ý', as the 
surface charge becomes more negative. Hence., to adsorb onto the surface. 
the fluoride ions would have to overcome electrostatic forces as there would 
be a higher density of negative charge very near the surface, hence greater 
electrostatic repulsion [68]. A similar result for the effect of pH was noted hN- 
Meeussen et al. [71] for fluoride uptake by goethite. 
For small ions like F- that are similar to OH- ions, there is a greater tendeiicY 
to displace hydroxyls in solution, Z. e. the charge is primarily balanced in S()- 
lution. Fluoride is also a fully dissociated acid, therefore cannot contribute a 
proton to the surface to enable ligand exchange with surface water. 
[72]. 
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Figure 6.21: Sample NN fluoride uptake capacity, pH 
range 4-9 
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Effect of material 
The fluoride uptake capacity for each material is almost identical. approx- 
imately 1.8 mmol/g. Across the pH range studied fluoride is present il. s a 
monovalent species, F- (Figure 6.9), hence an exchange with a surface hv- 
droxyl is likely. 
The fluoride capacity is almost double that for arsenic and three times that 
for phosphate. The effective ionic radius of fluoride at 25 'C is smaller than 
that of arsenate and phosphate, namely 3.5 A. Hence the fluoride lon would 
be able to penetrate smaller pores that would not be accessible to the larger 
species. This gives further indication that the arsenate and phosphate species 
adsorb primarily as bidentate species at pH < IEP. 
The calculated a values (Table 6.10) and experimental uptake cýtj)ýIcities (Ta- 
ble 6.12) indicate a change in the trend in uptake capacities. i. e. "'ýmiple (; vII 
has the largest capacity followed by NN and VL. At low to intermedicIte coiwcii- 
trations, fluoride reacts with singly co-ordinated hydroxyl groups ý-( 1]. Wit Ii 
increasing concentration, doubly co-ordinated OH- groups are also exchanged 
[73]. Hence, GEH may have a higher quantity of singly co-ordinated sites. and 
have a greater affinity for fluoride over the other two samples. 
Possible uptake mechanism 
The fluoride ion is much smaller than the equivalent species for cither ai-seiiýite 
or phosphate, and a mechanism of simple exchange Ninth a 
hy(Iroxide ion caii 
be postulated. A two step ligand exchange reaction 
[741: 
Fe 0H+ H+ Fe 0 H+ (6.74) 2 
= FeOH' + F- <---+ =- FeF + 
H20 (6.7.5) 
2 
Combined gives: 
= FeOH + H' + F- e-+ -- FeF + 
H20 
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6.3.4 Cadmium isotherm data 
For each material studied, the Langmuir and Freundlich parametei- '-ý and re- 
spective correlation coefficients are given in Tables 6.13 and 6.14 and i'ý()therms 
for the pH range 4-9 (Figures 6.24-6.26). Both models gave a reasonable fit, 
although generally the Freundlich model described the isotherm data better. 
Dzombak and Morel [75] determined that for low cadmium concelitratiolis 
(< 10-' M), the Langmuir model was followed and at medium concentrationS 
(10-6-10-3 M), the data was better described by the Freundlich niodel. Tlils 
could explain why, to some degree, both models provided a suitable fit. Heiice. 
in Figures 6.24-6.26, the points represent experimental data and t lip solid lilies 
the Freundlich model. 
Table 6.13: Parameters for the Langmuir model a (mmol/g) and 
b (L/mmol) and correlation coefficients (R') for all sainples, for 
cadmium adsorption 
NN GEH vi, 
pH a b R' a b R2 a_ b 
4 -2.63 -8.23 0.988 0.67 26.16 0.981 -0-63 -21.15 0.99 2 
5 0.65 113.0 0.925 3.82 11.78 0.984 3.40 15.18 0.999 
6 1.26 97.07 0.971 2.68 27.44 0.989 3.95 23-66 0 .9 719 
7 58.48 3.35 0.988 1.66 78-08 0.985 2.13 80.2 0.993 
8 1.19 441.8 0.980 1.13 227.5 0.948 1.76 135.6 0- 191) 7 
9 1.18 849.4 0.966 0.95 1 658.7 0.907 1 1.47 32 13. () 0.9 1) 7 
Table 6.14: Parameters for the Freundlich model, k 
((mmol/g) (L/mmol) 1/n ) and n, and correlation coefficients (R') for 
all samples, for cadmium adsorption 
NN GEH VL 
PH k n R2 
- k n RZ k n 
R2 
4 15.5 0.92 0.981 9.8 1.09 U94 i0 1 0 . 8,5 0-995 
5 12.9 0.78 0.989 17.9 1.20 0.989 30.2 1.09 0.983 
6 17.9 0.72 0.984 27.0 1.19 0.9 19 2S -8 
1., 2,5 
7 14.46 0.61 0.978 25.1 1.32 0.980 15.6 1., 58 0.992 
8 8.156 0.44 0.991 19.6 1.52 0.994 11., 53 1- ýS 5 0.9, %, l 
9 7.180 0.38 0.990 11.94 1.92 0.989 9.2,5 2.21 0.9, 'ý"9 
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Effect of pH 
Thus far only anion adsorption has been studied. However, the poliit of zero 
charge occurs at a near neutral pH (see Section 5.3.2). it would be expected 
that at high pH, the negatively charge oxide surface would attnict catiotis. 
Cadmium was chosen to determine the degree of uptake, and the effect of the 
type of material in the pH range 4-9. 
The uptake capacity for cadmium increases with increasing pH. Ca(liniiiiii i-; 
predominantly Cd 2+ across the pH range studied (Figure 6.10), hence it would 
be attracted to a negative surface, i. e. pH > IEP. There is a sharp decrease in 
adsorption below pH 6, as the surface becomes positively cliarged. A siiiiilar 
drop in the cadmium uptake was noted by Benjamin and Leckie [76]. 
This phenomenon is more marked in this case than for the anions studied. 
hence could be an indication that the energy associated with new bonds 
formed 
at the oxide surface is lower and is therefore less likely that electrostatic energy 
will be overcome. In addition, the cadmium species is full), 
dissociiii (, (I and 
cannot contribute a hydroxyl group to balance the surface charge. 
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Effect of material 
The material possessing the highest Cadmium Uptake Capacity Was NN (- 
1.4 mmol/g) and both GEH and VL samples were - 1.3 mmol/g. Therefore the 
uptake capacity is greater than arsenate and phosphate but less than fluoride. 
The iron oxide surface appears to possess an almost equal amount of positive 
and negative surface sites, depending on the pH. 
Both Spadini et al. [77] and Venema et al. [781 indicate that cadmium up- 
take is a combination of monodentate and bidentate species from FT-IR and 
spectroscopic data. Cowan et al. also suggested a combination of inner- and 
outer-sphere complexes, although this conclusion was based solely on model 
fitting, rather than experimental evidence [791. This concurs with the cad- 
mium uptake capacity compared to the anionic species studied. It is lower 
than fluoride which is bound by monodentate species and higher than the 
bidentate dominated surface species of arsenate and phosphate. 
There is also evidence that the type of cadmium species that complexes with 
the iron oxide surface changes with surface loading. At low surface cover- 
age, the monodentate species is more evident. With increasing concentration, 
bidentate species are preferred [801. 
Possible uptake mechanism 
Dzombak and Morel developed a model that included surface precipitation, 
to allow for non-Langmuirian behaviour. This model would 
be more suited to 
higher concentrations, i. e. greater than 10-1 M, where precipitation 
is more 
likely as surface sites become saturated [75]. However, the maximum concen- 
tration used in this study is < 10' M, a more likely uptake mechanism 
is a 
combination of bidentate bonding and adsorption, 
followed by hydrolysis as 
suggested by Benjamin and Leckie [76]: 
2(=- FeOH) + Cd 
2+ 4-* -=Fe202Cd 
+ 2H+ (6.77) 
= FeOH + Cd 
2+ + H20 *. -4 = FeOCdOH + 
H20 (6.78) 
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6.4 Mini-column results 
6.4.1 Initial mini-column experiments 
In the first set of experiments samples NN and GEH were used in column mode. 
the operating parameters are given in Table 6.15. After at least 3.5,000 bed 
volumes of 500 ppb arsenic-bearing solution (. Na2AsO4 - 7H20) "'a-ý Nss('(l 
through, there was still no sign of any breakthrough, i. e. the ratio of effluent 
concentration to initial concentration was less than 5 %. Hence, the iiiitial 
solution concentration was increased twentyfold to reduce the aniomit of time 
required for each run. The flowrate was also slightly increased from 3.8 ml/hr 
to 4.7 ml/hr allowing sufficient sample to be collected for multi componeiit 
analysis. All other experimental conditions were maintained. 
Table 6.15: Initial mini-column operating parameters 
Variable 
Particle size (pm) 150-300 
Mass of adsorbent (mg) 200 
Column diameter (cm) 0.56 
Bed height (cm) 0.8 
Bed volume 
(CM3) 0.2 
Flowrate (ml/hr) 3.8 
Bed volume/hr 19 
Empty bed contact time (mins) 3.11 
Time per sample tube (mins) 50 
pH range 7.6-7.8 
Concentration ( pmol/L) 6.6.7 
Temperature (OC) 22 ±2 
6.4.2 Subsequent mini-column experiments 
There were a number of factors of the column experiments which 
decreased 
the performance. The first aspect was the size of columia. 
it was necessary to 
use the smallest column available, as the uptake capacity 
for anseilic Wil. s so 
large, the mass of adsorbent required for each run was minimised. 
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Another option if the mass of sorbent increases is to increase the feed concen- 
tration. However, this was already increased twentyfold to 10 ppm, a value 
possibly found in aquatic environments. If the feed concentration was further 
increased to compensate for the larger mass, it would become unrealistic. 
The ratio of column diameter: particle diameter was also a compromise between 
avoiding very small (100 /_zm) particles which would induce packing problems 
and lead to channelling [28] and maximising the d,,, I: dp ratio to minimise the 
wall effects (d,,, I: dp > 10) [22]. As a consequence of the previous two param- 
eters, namely the mass of adsorbent and column diameter, the aspect ratio 
L,,, I: d,,, is perhaps lower than ideal. The value used in column experiments 
was 1.4: 1, which would decrease the column performance. 
A balance must be made between maximising the contact time between the 
feed solution and adsorbent, hence increasing the column utilisation, and flow 
resistance and high flowrate if the aspect ratio is too high. A maximum value 
to avoid flowrate perturbations is 3: 1 [22]. 
The relatively high flowrate of 24 BV/hr was necessary to enable sufficient 
sample to be collected. The efficiency of the column is reduced with a reduced 
contact time and is characterised by a flatter breakthrough curve. 
Nevertheless, all operating parameters were held constant throughout the col- 
umn experiments, both single and multi component runs. Hence breakthrough 
values determined for each experiment should be comparable. Several experi- 
ments were repeated and difference in breakthrough values was less than 8 %. 
Breakthrough values 
The breakthrough values (calculated as 5% of the inlet concentration) for 
each anion used in each column run are given in Table 6.16. 
Subsequently, the 
adsorbent is considered to be exhausted and would be replaced or regenerated. 
Distribution coefficients (Kd) for each column run were determined. 
A higher 
value indicates a stronger affinity towards the adsorbent. 
These values are 
given in Table 6.17, where X- is the amount in milliequivalents of 
the anion 
on the solid and in solution. From Equation 6.18 the 
distribution coefficient 
for arsenic for As/F system is found by: 
182 
Chapter 6. Adsorption studies 
Kd 
- 
qA 0.126 
Co 9.38 x 10-5 
= 1345 
Table 6.16: Breakthrough capacities for mini-column experiments 
Sample Column run 
B eakthrough capacity (Bv) 
As E- FP NN As 850 
As/F 650 150 
As/P 450 400 
F/P 100 750 
As/P/F 550 200 4.50 
GEH As 900 
As/F 550 500 
As/P 550 4,50 
F/P 450 75 
As/P/F 450 400 500 
VL As 900 
As/F 500 500 
As/P 600 500 
F/P 350 800 
As/P/F 500 400 500 
Single component 
From Tables 6.16 and 6.17 and Figures 6.27-6.29. it is evident that all tlli-(, (, 
iron oxide samples have a high affinity for arsenate witli similar breaktilroiigli 
values. One noticeable difference in Figures 6.27-6-29 is the pH profiles. Sam- 
ple NN remains at near neutral conditions, the pH lower during adsorption as 
H' ions are released (Equations 6.60-6.62). As breakthrough commences. the 
pH approaches the initial value as the surface becomes saturated with arsenic. 
The pH profile of sample NN drops at 500 bed volumes, which could indicate a 
change in the type of bonding mechanism. The speciatIon diagram 
(Figure 
.5 
reveals that at near neutral conditions, there is an equal amount of 
H-N-ý01- 
and H2AsO4. For samples GEH and VL, which produce a much 
lower I)H 
profile, the dominant species is H2AsO4 . 
The higher proportion of HA-M, 
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Table 6.17: Distribution coefficients for mini-column experiments 
Distribution coefficients 
X- meq X-/0 
x 
. 5,0 = -j 
;; ý-e EY-LZ-g 
-TX /mlsolution) meg XX -1 /ml Sample Column run 
_ 
S )As 
r 
FI F 
NN As 1574 
As/F 1345 235 
As/P 1016 728 
F/P 210 1215 
As/P/F 1003 351 1011 
GEH As 1510 
As/F 1360 607 
As/P 1232 969 
F/P 321 1542 
As/P/F 1007 425 1063 
VL As 1576 
As/F 1183 758 
As/P 1272 988 
F/P 297 1132 
As/P/F 1078 582 1099 
would increase the likelihood of bidentate bonding with the iron oxide surface. 
The proportion of bidentate bonding increases with increasing surface loading, 
releasing water rather than H+ ions (Equations 6.63-6.64). 
Samples GEH and VL however, produce a pH profile dropping to approximately 
pH 4. One possible difference between the samples is the equilibrium pH of 
each material in water and its chloride capacity (Table 5.2, see Section 5.2.4 
for experimental procedure for determination of the chloride capacity). 
With increasing chloride content the equilibrium pH drops. Rahman and Pa- 
terson [81] also found the pH of the wash water for akaganeite was acidic, 
approximately pH 3. The chloride present in the pores and on the surface 
slowly leaches into the solution as hydrochloric acid. The difference 
in pH 
could also account for the slightly higher breakthrough values of 
both samples 
GEH and VL over NN, as a lower pH would increase the positive charge on 
the 
iron oxide surface and the attractive forces would increase. 
The effect would 
not be so pronounced in batch mode, as the pH was adjusted regularly 
to 
compensate for any HCI released for the surface. 
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Figure 6.27: Sample NN breakthrough curve. concentration 
0.133 mmol/L As and pH profile, initial pH = 7.7 
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Figure 6.28: Sample GEH breakthrough curve, concentration 
0.133 mmol/L As and pH profile, initial pH = 7.7 
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Figure 6.29: Sample VL breakthrough curve, concentration 
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6.4.3 Multi component 
Binary and ternary column runs were completed to determine the effect of 
competitive ions on the breakthrough capacity of arsenic. The operating con- 
ditions used for single component runs were maintained for multi component 
experiments are outlined in Table 6.3. 
Arsenate-phosphate 
The presence of equimolar phosphate markedly decreased the arsenate break- 
through values of all three materials, compared to single component values 
(Table 6.16 and Figures 6.30-6.32). As phosphate and arsenate are chemically 
similar, it would be expected that phosphate would compete for similar sites, 
reducing arsenic uptake [82]. Distribution coefficients of each material indicate 
selectivity towards arsenate, as values for axsenate are higher than phosphate 
(Table 6.17). This concurs with the isotherm data, in that arsenate capacity is 
greater than phosphate capacity by around 25 % (Section 6.3.2). The reason 
being that arsenate is a larger ion and therefore interacts more strongly with 
hydroxide groups on the iron oxide surface and hence is preferred [571. 
The difference in the pH profile between sample NN and GEH and VL is again 
observed. This could account for the greater decrease in arsenate break- 
through, as at higher pH, the presence of both arsenate and phosphate in- 
creases the negative charge and hence depresses the arsenate uptake [631. Man- 
ning and Goldberg [65] also found that axsenate and phosphate uptake to be 
equal at near neutral conditions. The distribution coefficients increase with 
decreasing pH (Table 6.17), where the surface is more positive, hence more ar- 
senate and phosphate are adsorbed onto the iron oxide surface. Both samples 
GEH and VL have similar breakthrough values and distribution coefficients. 
The mechanism for phosphate uptake is given in Equations 
6.69-6.71, show- 
ing that pH is lower as phosphate and axsenate are removed. 
As breakthrough 
commences, the pH approaches the initial value as the surface 
becomes sat- 
urated with arsenate and phosphate. Also, with 
increasing surface loading, 
bidentate bonding becomes increasingly important which releases water 
(Equa- 
tions 6.72-6.73). 
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Figure 6.30: Sample NN breakthrough curve, concentration 
0.133 mmol/L As, 0.133 mmol/L P and pH profile, initial pH 
7.7 
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Arsenate-fluoride 
The arsenate breakthrough values are not so greatly affected by the presence 
of fluoride as compared to phosphate. From the isotherm data, fluoride capac- 
ity is approximately twice that of arsenate (Section 6.3.3), hence there must 
be a strong preference for arsenate. Fluoride is not a triprotic acid and there- 
fore does not compete for similar sites as arsenate. Arsenate is able to form 
bidentate bonds with the iron oxide surface which is the preferred mechanism 
at pH < IEP, releasing the most electrostatic energy and is more stable than 
a monodentate bond [67]. 
There is a marked difference between the breakthrough values of sample NN 
and the other two samples in an equimolar binary axsenate/fluoride system. 
There is a much greater separation between arsenate and fluoride on sample 
NN (Table 6.17). This could be due to the difference in pH profiles (Figures 
6.33-6.35). At near neutral pH values, fluoride ions compete strongly with 
hydroxide ions, hence fluoride uptake is drastically reduced. In addition, flu- 
oride is a fully dissociated acid and cannot contribute a proton to the surface 
to enable ligand exchange with the surface water to occur. 
Fluoride uptake occurs by Equation 6.76, hence as water is released on flu- 
oride adsorption, this minimises the reduction in pH seen compared to ar- 
senate/phosphate system. There is some chromatographic elution, which is 
another indication that arsenate is preferred over fluoride, as previously ad- 
sorbed fluoride is replaced by arsenate. There is theretore a rapid increase 
in fluoride concentration, exceeding the influent value. This is particularly 
evident for sample GEH, which has the highest distribution coefficient for ar- 
senate, indicating that arsenate replaces previously adsorbed fluoride on the 
iron oxide surface. 
The column pH drops during the chromatographic peaking, as more arsenate 
is able to react with the surface and release a proton. 
With increasing surface 
loading, bidentate bonding increases, hence water is released and the pH ap- 
proaches the influent value. The effect is not seen 
for the other two samples 
GEH and VL, as the column pH is much lower and would mask any slight 
drop 
in pH. 
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Fluoride-phosphate 
The separation between fluoride and phosphate is higher than for arsenate and 
fluoride. For each column run, fluoride breaks through more quickly (Figures 
6.36-6.38) and hence the difference in distribution coefficients are greater (Ta- 
ble 6.17). Sample VL is triple that of arsenate/fluoride and both samples NN 
and GEH, Kd is higher for phosphate than arsenate. There is also a greater 
degree of chromatographic elution compared to the As/F system. 
All these factors are evidence that phosphate has a greater affinity for iron ox- 
ide in a binary system containing fluoride compared to arsenate. One possible 
explanation is that surface heterogeneity (surface sites with preference towards 
on anion over another) is more pronounced in a multi component adsorption 
system, particularly when competing ions are dissimilar, and kinetics play an 
increasingly important role [831. Hence the kinetics of phosphate adsorption 
may be faster than arsenate, and a greater amount adsorbs onto the iron oxide 
at the same flowrate. 
Sample NN has the lowest breakthrough value, due to the near neutral pH 
which reduces the fluoride uptake compared to GEH and VL. 
A characteristic 
drop in the pH profile is again observed on chromatographic elution. 
This 
enables more phosphate to be adsorbed onto the surface, causing a 
drop in pH 
as H+ is released. 
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Figure 6.36: Sample NN breakthrough curve, concentration 
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Arsenate-fluoride-phosphate 
A similar effect seen in the previous section is observed in the ternary sys- 
tem, i. e. the affinity sequence is phosphate > arsenate > fluoride (Figures 
6.39-6.41). The breakthrough capacities of both arsenate and phosphate are 
unaffected by the presence of fiuoride, (i. e. the capacities for both the binary 
As/P and ternary systems are equal, see Table 6.16). 
The distribution coefficients indicate that phosphate is slightly preferred over 
arsenate, and has a marginally higher separation from fluoride than As (V) 
(Table 6.17). Sample NN has the greatest difference in Kd values followed 
by GEH and VL. Hence, all three species compete on NN for similar sites, 
with arsenate and phosphate being preferred as they are able to form stronger 
bidentate bonds. 
Another parameter affecting the distribution coefficients is the difference in pH 
profiles for the three materials, as previously indicated. A neutral system pH 
favours arsenate and phosphate adsorption, whereas at lower pH, exhibited in 
GEH and VL column runs, all three species are able to adsorb onto a positive 
iron oxide surface. 
Chromatographic elution of fluoride is further evidence that it is the least 
preferred ion. The drop in pH that accompanies chromatographic elution for 
sample NN is due to more arsenate and phosphate replacing the adsorbed 
fluoride and protonating the surface. At higher surface loading, bindentate 
species tend to be adsorbed and exchanged with surface water (formed by a 
proton donated by arsenate or phosphate combining with a surface hydroxyl). 
From Figures 6.39-6.41 it is evident that both arsenate and phosphate are 
competing for similax sites and are able to partially desorb each other, 
hence 
the fluctuations in the effluent concentration of each ion. The distribution 
coefficients are approximately equal, hence have a similar affinity 
for the iron 
oxide surface. Barrow [64] observed a similar phenomena, as phosphate added 
to an iron oxide system pre-loaded with arsenate only 
desorbed a proportion 
of the arsenate adsorbed. Hence the selectivity sequence 
for the iron oxide 
materials studied appear to be As ,P>F. 
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Other potential competing ions 
The values for some trace anionic species in two types of post-treated tap 
water are given in Table 6.18. This gives an indication of the magnitude and 
variability of competitive ions in natural waters. 
Table 6.18: Typical concentrations of various anionic species in two 
types of tap water 
Species 
Concentration (ppm) 
Derbyshire I Leicestershire 
Arsenate 0.022 0.005 
Carbonate 94 60 
Chloride 17 23 
Fluoride 0.01 0.31 
Nitrate 4 10 
Phosphate 0.3 2 
SulPhate 187 110 
Sulphate does not greatly affect As (V) [43] or P (V) uptake, due to the 
difference in the surface bonding mechanism, the former two ions are able to 
form strong inner-sphere bonds, whereas sulphate only binds at the surface 
via outer-sphere complexes, hence it cannot compete for surface sites [63). 
Manning and Goldberg [65] found that molybdate (a diprotic acid) affected 
As (V) in the pH range 4-6, however at pH > 7, adsorption of arsenate in- 
creased. An increase in the solution ionic strength causes a reduction in the 
thickness of the electric double layer, lowering the repulsive forces, enabling a 
greater amount of arsenate to be adsorbed. This phenomenon was also seen 
for arsenate adsorption on ferrihydrite in the presence of sulphate 
[63]. 
Silicate affected arsenate adsorption at pH > IEP as adsorption increases with 
increasing pH, hence becoming increasingly competitive [49,821. 
Selenite also 
forms inner-sphere complexes, hence reduces both arsenate and phosphate 
adsorption, although both the latter ions has a higher affinity 
[84]. Specifi- 
cally adsorbed ions are preferred over those that form outer-sphere complexes 
e. g. nitrate and chloride [72], hence arsenate and phosphate adsorption are not 
particularly affected by the presence of these type of 
ions. 
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6.4.4 Regeneration 
The regeneration efficiency of the column runs was determined using () INI 
NaOH. Prior to elution, the columns were washed with 500 BV (100 ml) of 
deionised distilled water. The experimental set up was similar to that for the 
anion loading experiments (see Section 6.2.6). The regenerant was fed to the 
columns via a Watson-Marlow pump and the same flowrate was used as iri the 
previous column runs, i. e. 4.7 ml/hr. The time for each test tube wýlsset to 30 
minutes to enable sufficient sample to be analysed. The analysis metliod for 
arsenate, phosphate and fluoride has previously been outlined (Section 6,2.2) 
and elution profiles can be found in Figures 6.42-6.46. 
The elution efficiencies for each column experiment is given in Eibb, 6.19. 
These efficiencies were calculated by determining the quantit ' N, 
from elution di- 
vided by the amount of each anion adsorbed on the colunin using mass ktkuwe 
equations. For 0.1 M NaOH, these values were in the range 85 107 W, arsen- 
ate and phosphate had similar average efficiencies, 95 % and 94 
and fluoride a slightly higher value, 96 %. 
Table 6.19: Elution efficiencies for mini-column experiments 
Elution efficiency (7c) 
Sample Column run As F P 
NN As 97 
As/F 95 97 
As/P 95 97 
F/P 100 ,ý -I 
As/P/F 95 98 94 
GEH As 97 
As/F 95 85 
As/P 95 98 
F/P 107 93 
As/P/F 92 96 95 
VL As 95 
As/F 96 92 
As/P 95 98 
F/P 101 94 
As/P/F 91 86 94 
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The enrichment ratio i. e. the amount adsorbed per bed volume: amount eluted 
per bed volume calculated at 60 bed volumes is given in Table 6.20. A higher 
1/E reveals that less eluent is required to regenerate the material, reducing 
the total running costs. A lower flowrate would increase efficiency and I/E 
values and give sharper, narrower peaks with greater separation between the 
species [85]. However, it was necessary to have such a high flowrate to enable 
sufficient sample to be collected. 
Table 6.20: Enrichment values for mini-column experiments, after 
60 bed volumes 
1/E 
Sample Column run As F P 
NN As 32 
As/F 21 4 
As/P 14 9 
F/P 5 19 
As/P/F 15 4 12 
GEH As 35 
As/F 21 8 
As/P 19 15 
F/P 3 15 
As/P/F 14 5 13 
VL As 26 
As/F 19 11 
As/P 18 14 
F/P 3 10 
As/P/F 16 1 71 14 
Fluoride is adsorbed as a monodentate species whereas both As and P both 
form bidentate bonds with the iron oxide surface, the latter is a stronger bond, 
therefore more difficult to elute [67]. Fluoride does not appear to effect the 
elution profile of the As/F or P/F binaxy systems (Figures 6.44-6.45), although 
the enrichment ratio for fluoride is very low. 
Arsenate elution is affected by the presence of other ions, paxticulaxly phos- 
phate as the enrichment ratio decreases by at least 50% 
in both binary and 
ternary mixtures. This evidence suggests that there is an 
increase in the num- 
ber of bidentate bonds with the iron oxide surface 
(two bonds which are more 
strongly held) for both arsenate and phosphate. 
Equimolar arsenate and phos- 
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phate would compete for similar sites, decreasing the available active surface. 
increasing the ratio of bidentate bonds. 
It is evident from Figure 6.43 and Table 6.20 that phosphate is more strongly 
held than arsenate as it takes a longer time to elute from the column and 
gives lower 1/E values. This is a surprising result as arsenate has a greater 
selectivity than phosphate towaxds the iron oxide surface as determined from 
the column experiments. A higher quantity of bidentate bonds formed by 
phosphate, would increase the elution time. 
This trend is reversed in the ternary system (Figure 6.46), as arsenate is more 
strongly held, with increased elution time. The presence of fluoride reduces 
the 
' available sites 
for arsenate and phosphate adsorption, hence increasing 
the surface loading, therefore the number of bidentate bonds particularly for 
arsenate. Bidentate bonds axe stronger than monodentate bonds, which are 
more prominent at lower surface loading, hence the elution time increases. 
Joshi and Chaudhuri [861 used 0.2 M NaOH to elute 94-99 % arsenate from 
iron-coated sand. In addition Chosh and Yuan [87] used 0.5 % NaOH to suc- 
cessfully remove arsenate from activated alumina (AA). Elution efficiencies 
were lower than for iron oxide material in this study, as AA has such a high 
affinity for arsenate, with approximately 3% AA was lost during the regener- 
ation cycle. Jackson and Miller [88] found that hydroxide ions were the most 
effective extractant (>80%) for As (V) from both ferrihydrite and goethite. 
It 
was found that elution efficiency was lower for more crystalline material. 
These results indicate that the material could be regenerated and reused 
if 
desired. Only one cycle of anion loading was implemented 
for each sample, 
hence the effect of a recycled adsorbent on the uptake capacity 
has not been 
quantified. One possibility is to use a once-through cycle, after which 
the 
adsorbent is sent to landfill, the method currently used after activated 
alu- 
mina regeneration [20]. The brine used to elute 
As (V) is precipitated with 
iron (III) salts, the resulting sludge dried to reduce the volume. 
The standard 
EP test revealed an As (V) leachate of 1.5 mg/L, which 
is acceptable (limit is 
<5 mg/L). 
All iron oxide samples were tested across a pH range 
4-9 to determine whether 
Fe3+ ions were liberated. 50 ml of deionised 
distilled water was transferred 
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using a 50ml pipette into three 100 ml Erlenmeyer flasks and the pH adjusted 
to 4,7 and 9 respectively by the addition of 0.1 M NaOH or HN03. The 
pH was measured on a Mettler Toledo 340 pH probe, calibrated at pH 4 and 
10.50 mg sample NN was weighed on a Sartorius BP210D balance, accuracy 
±0.0005 g and transferred to each flask. The paxticle size of the material used 
was 150-300 pm. The flasks were sealed with Paxafilm and left in an orbital 
shaker at room temperature (22 ± 2' C) for two weeks. 
This procedure was repeated for samples GEH and VL, i. e. 9 samples in total. 
After which the supernatant material from each flask was tested for the pres- 
ence of Fe (III) ions using a Dionex 4500i Ion Chromatograph with gradient 
pump and conductivity detector. 
Neither sample NN nor GEH released any Fe (III) and sample VL only slightly 
dissolved (0.04 mg/L Fe (III)). The threshold limit value of Fe (III) in drinking 
water is 0.2 mg/L [89]. This presents a distinct advantage to using iron oxide 
rather than activated alumina (AA), which on regeneration, redissolves and 
approximately 3% AA is lost [87]. Recently there have been concerns over the 
quantity of Al (III) released; a high quantity of Al (III) has been linked to 
elevated risk of Alzheimer's disease [90]. AA has been shown previously to be 
an effective adsorbent for arsenic removal [91,92], although Pierce and Moore 
found that amorphous ferric hydroxide possesses 5-10 times greater capacity 
for arsenic than AA [54]. 
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6.5 Conclusions 
Adsorption experiments have been carried out in both batch and column 
modes. Single ion uptake capacities have been determined for all three iron 
oxide materials studied. For the anionic species studied (axsenate, phosphate 
and fluoride), adsorption increased with decreasing pH, in the range 4-9. The 
highest uptake capacity for all anionic species occurred at pH 4, due to the iron 
oxide surface possessing the highest positive charge, hence strongly attracting 
the negative species. 
Conversely for the cationic species studied (cadmium), the uptake capacity 
increased with increasing pH, in the range 4-9. The highest uptake was at 
pH 9, where the iron oxide surface is most negative, hence the attractive 
forces towards a positive species is the strongest. 
Both the Langmuir and Freundlich isotherm models fitted the data reasonably 
well, although for the anionic species the Langmuir model gave a better fit of 
the data. The limitations of this model in describing the isotherm data became 
evident on comparison of theoretical and experimentally determined maximum 
adsorption capacities. 
Potential problems were highlighted for both phosphate and fluoride adsorp- 
tion, as the isotherms were almost linear, resulting in unrealistically high max- 
imum adsorption capacities. This was due to the restriction in the range of 
concentration used to enable a comparison to be made of the anionic uptake 
capacities over an equimolax concentration range. 
Empirical models, such as the Langmuir and Freundlich, do not take into ac- 
count the nature of the complexation at the iron oxide surface nor provide 
a description of the electric double layer. It was postulated that 
from the 
speciation diagrams for phosphate and arsenate, in addition to spectroscopic 
information provided in the literature, that there were different 
binding mech- 
anism that were affected by surface loading and pH. 
At low loading the percentage of monodentate bonds increase as there 
is less 
competition for surface sites. As the concentration 
increases, bidentate bonds 
are preferred as they are more stable and release the most electrostatic 
ener&v. 
Hence, as seen for the arsenate and phosphate, there are 
two sections of the 
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isotherm, depending on concentration, marking the transition between mon- 
odentate and bidentate bonding. This is a further indication of the limitation 
of the Langmuir model. 
Also at low pH, bidentate (two bonds with the iron oxide surface) was pre- 
ferred, as the pH increased, monodentate complexes become more evident. as 
the repulsive forces are lower towards a negative surface. The formation of 
bidentate complexes at the surface would reduce the number of available sites, 
hence the capacity for arsenate and phosphate would be lower, compared to 
fluoride which is bound solely by monodentate complexes. 
This is evident from the capacities found for the anionic species, fluoride pos- 
ses§ed the highest capacity (1.8 mmol/g), followed by arsenate (0.9-1 mmol/g) 
and phosphate (0.65-0.75 mmol/g). Arsenate is a larger ligand interacting 
more strongly with the iron oxide surface and therefore is preferred over phos- 
phate. 
Cadmium uptake capacity was less than fluoride but greater than arsenate 
and phosphate, indicating that both negative and positive surface sites are 
present on the iron oxide materials studied, depending on the system pH. This 
concurs with zeta potential measurements, with an isoelectric point of 7-8. 
It was suggested that there was a combination of bidentate and monodentate 
species, dependent on pH and surface loading. It is probable that there is 
a higher quantity of mondentate complexes, hence increasing the available 
surface sites for adsorption compared to both arsenate and phosphate. 
Cadmium adsorption was best described by the Freundlich isotherm. The 
effect of surface loading on the nature of the surface complex would also con- 
tribute to the heterogeneity of the isotherm data. The isotherm model fit is 
dependent on the concentration of solution, and could also be fitted reasonably 
well by the Langmuir model. 
The degree of crystallinity appeared to have an effect on the uptake capaci- 
ties, particularly of arsenate and phosphate. Sample NN 
had a higher uptake 
capacity for both arsenate and phosphate, with both samples GEH and 
VL 
having similar capacities. This is due to the type of sites available on more 
crystalline material which favours bidentate bonding, 
hence reducing further 
the available adsorption sites. 
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Competitive effects of other anions on the arsenic uptake capacity were also 
determined in column experiments. The same experimental conditions were 
maintained to enable a comparison of breakthrough capacities of a single ion 
system (arsenate) to binary and ternary systems with phosphate and fluoride 
to be made. 
Limitations of the experimental set up on column utilisation was noted. Re- 
strictions were made on the influent concentration and mass of sorbent that 
resulted in non-optimum conditions. The flowrate was necessarily high to en- 
able sufficient sample to be collected. A compromise was made on the column 
diameter: particle diameter ratio to minimise wall effects and reducing any po- 
tential channelling problems. 
Distribution coefficients were calculated from each column run to observe ef- 
fects of the relative uptake of each anion in binary and ternary mixtures. As 
might be expected, arsenate removal was most strongly affected by phosphate 
by almost halving the breakthrough capacity. In both As/F and As/P binary 
systems, arsenate had a greater affinity towards the iron oxide surface. 
The pH profile of sample NN was quite different to the other two samples, 
consistently throughout the column experiments. This effect was attributed 
to the amount of chloride present in each sample. Both samples GEH and vi. 
possessed a much higher quantity of chloride, which reduced the solution pH, 
by slow release of HCL 
This disparity in column pH is particularly evident in both the As/F and P/F 
column runs for sample NN, as fluoride breaks through almost immediately. 
At near neutral pH, the fluoride uptake rapidly decreases, as it is a 
fully 
dissociated acid and cannot contribute a proton necessary to enable 
ligand 
exchange to occur. At lower column pH values, as in samples GEH and VL, 
fluoride is able to compete more readily for surface sites. 
As arsenate is chemically similar to phosphate, there was a similar 
trend for 
the P/F binaxy system, with phosphate preferred over 
fluoride, with a greater 
difference in distribution coefficients than arsenate in the As/F column run. 
Sample NN gave the greatest sepaxation, with similar trends 
in pH profiles 
for all samples studied. The higher affinity 
for phosphate over arsenate in a 
binary system with fluoride could be due to the 
faster kinetics of phosphate 
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adsorption over arsenate, as kinetics play a greater role in a multi component 
system when the species are dissimilar. 
The ternary system (arsenate-phosphate-fluoride) produced a surprising re- 
sult, since the presence of both phosphate and fluoride caused the affinity of 
arsenate and phosphate to be almost equal, with phosphate slightly preferred 
over arsenate. This could be evidence of the faster kinetics of phosphate ad- 
sorption over arsenate. It is also observed that some partial desorption of 
phosphate and arsenate occurs, as the effect of competition for surface sites is 
accentuated by the presence of fluoride. 
Elution of each column experiment was carried out by the addition of 0.1 M 
sodium hydroxide. All three anions were successfully desorbed from iron oxide, 
with measured efficiencies in the range 85-107 %. Fluoride was the most easily 
desorbed as only monodentate, rather than bidentate bonds are formed, which 
are more easily overcome. 
The elution process was not optimised and the adsorbent was not further 
challenged with anions to determine uptake capacity after regeneration. There 
was no evidence that iron was redissolved in the pH range 4-9, with only 
sample VL at pH 9 releasing 0.04 mg/L, well below standards for 
drinking 
water. This presents a distinct advantage of iron oxide as a potential adsorbent 
over activated alumina (AA), as concerns have been raised over the 
dissolution 
of Al (III) in water and links to Alzheimers disease. In addition, 
the strong 
affinity for AA towards arsenate reduces uptake capacity after regeneration. 
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Chapter 7 
Overall conclusions and further 
work 
7.1 Overall conclusions 
An iron oxide material was developed at Loughborough Uniý-ersit 
, \- 
to be iis(, d 
within both batch and column operations (sample NN). The experiniental 
method was optimised to increase the particle size and robustness of Hie pre- 
cipitate produced by reacting hydrous ferric chloride and soditini liý-droxide. 
A freeze-thaw rig was used to control the rate of freezing to -1 'C lioiir and 
the material thawed in a fridge to maximise the size of graiiii1es produced. 
This material was compared with another sample, also produced at Lou-, h- 
borough University via a larger-scale process, with a simpler Imst-treatineilt 
process; the iron oxide produced was left to air dry rather than undergo ally 
freeze-thaw process (sample VL). This resulted in large. solid chunks of ma- 
terial which were crushed to size, rather than discrete granular material. A 
further iron oxide was selected for comparison, a commercially available prod- 
uct, supplied by GEH, Wasserchemie (sample GEH). 
All three iron oxides were characterised pliysically and clieinically. alid ap- 
peared to be robust, unaggregated material, although were more powdery oii 
the surface compared to a, synthetic akaga, neite. The difference in prodlictioll 
method became evident when the specific surface area and pore -ýize 
distri- 
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butions were determined by nitrogen porosimetry. BET specific surface area 
analysis showed that all samples fell in the range 250-300 M2 /g. Both sample 
NN and VL possessed a high degree of macroporosity, as determined by the 
DFT method due to the methods used for production. Poor pH control and 
degree of crystallinity affects the pore size distribution. 
X-ray diffraction. (XRD) revealed that the amount of chloride in the samples 
affected the XRD Output. VL contained the most chloride and was more crys- 
talline, followed closely by GEH. Sample NN contained very little chloride and 
was the most amorphous material. pH also affected the crystallinity, and sam- 
pleS GEH and VL appeared to consist of more than one iron oxide phase, due 
to the production pH > 5. 
pH titrations and zeta potential measurements of each sample were carried out, 
the latter repeated with anionic species present, namely arsenate, phosphate 
and fluoride. Hence, the point of zero net proton chaxge (PZNPc) and the 
isoelectric point (IEP) for each material was calculated. The former parameter 
varied in the range 4.2-6.5 with sample NN possessing the highest PZNPC, 
followed by GEH and VL. These values were not greatly affected by altering 
the background electrolyte concentration (0.1,0.01 and 0.001 M NaN03)- 
trend was noted in the drift of PZNPC and chloride content of each material. 
On adding samples GEH and VL to water, the equilibrium pH values were 4 
and 3.5 respectively. Both materials contained a reasonable amount of chloride 
(0.61 and 1.15 mmol/g) which releases slowly on contact with water. 
The IEP however was not significantly affected by the presence of chloride, 
all samples were approximately equal, in the range 7-8. This is possibly due 
to the internal surface being more negatively charged due to the adsorbed 
chloride. This would not be observed by zeta potential analysis, since this 
method measures the surface potential at the slipping plane, some 
distance 
from the surface. 
The zeta potential was also determined in the presence of the anionic species 
used in adsorption experiments, namely arsenate, phosphate and 
fluoride. 
Both arsenate and phosphate reduced the IEP 
by forming inner-sphere com- 
plexes at the surface. The greater negative chaxge 
is balanced by a greater 
uptake of H-'-. 
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It was less clear with fluoride whether inner-sphere complexes were formed 
as measurements were not taken around the pKa value of fluoride, where 
most uptake occurs. Also fluoride is chemically different from arsenate and 
phosphate because it cannot contribute a proton to the negative surface at pH 
> 1EP, hence it is not so easily adsorbed onto the iron oxide surface. 
Adsorption experiments with the anionic species mentioned increased the up- 
take capacity with decreasing pH, as expected for anion adsorption. Negative 
species (as determined by speciation diagrams constructed for each moiety 
studied) are more strongly attracted to the surface at low pH. Both arsenate 
and phosphate are able to adsorb at pH > IEP as they axe able to contribute a 
proton to the surface to enable ligand exchange with water to occur. Fluoride 
adsorption decreases sharply below the IEP. 
The nature of the material affects arsenate and phosphate uptake. More crys- 
talline materials are more likely to form bidentate (two bonds) complexes at 
the surface that suppress uptake capacity. Hence, for both arsenate and phos- 
phate, sample NN has a higher capacity (1 mmol/g and 0.75 mmol/g) than 
both samples GEH and VL (approximately 0.9 mmol/g and 0.65 mmol/g) re- 
spectively. Arsenate capacity is higher for all samples than phosphate since it 
is a larger ligand and can interact more strongly with the iron oxide surface 
and therefore arsenate is preferred. 
Fluoride uptake, however, was not affected by the material type, as all samples 
had an uptake capacity of 1.8 mmol/g as fluoride forms monodentate bonds 
with the surface. Hence, the uptake is much greater than for arsenate and 
phosphate, as both form bidentate bonds with decreasing pH and increasing 
surface loading. 
The two types of bonding could explain the difficulties in fitting the Langmuir 
or Freundlich equations to the sample data. These empirical models 
do not 
take into account surface complexation or any electric double 
layer considera- 
tions. However, the Langmuir model fitted the anion isotherm data best and 
Freundlich the cationic (cadmium) data. 
Cadmium uptake increased with increasing pH, as the surface 
becomes more 
negative attracting positive ions. The iron oxide surface appears 
to have an 
almost equal number of positive and negative surface sites, 
depending on pH 
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as cadmium uptake was 1.3-1.4 mmol/g. Cadmium is attached by both mon- 
odentate and bidentate species, with monodentate complexes having a greater 
role as the pH increases. Hence, cadmium capacity is greater than arsenate 
and phosphate, but less than fluoride. Limitations of the Freundlich model 
are noted as bidentate bonding increases with increasing surface loading. 
The effect of other anions on the arsenate uptake capacity was determined in 
column mode. The same experimental conditions were used as for arsenate, 
and no attempt was made to optimise the operating parameters. The experi- 
mental shortfalls were also discussed. Distribution coefficients were determined 
for each experiment. 
Arsenate uptake was more strongly affected by the presence of phosphate 
than fluoride, as the former is chemically similar to arsenate and is able to 
compete for similar sites. Arsenate has a greater affinity in both As/F and 
As/P column runs. The pH profile of samples GEH and VL runs were very 
different to sample NN, as the raised chloride content caused the pH to drop 
as HCI was slowly leached. Hence both phosphate and fluoride were able to 
compete more strongly for surface sites, hence the relative affinity for arsenate 
was much lower. 
The pH effect was most strongly observed in both As/F and P/F runs as fluo- 
ride broke through very quickly. Fluoride exhibited chromatographic elution, 
both arsenate and phosphate displaced previously adsorbed fluoride. At near 
neutral conditions, fluoride is fully dissociated hence cannot donate a proton 
to the surface for ligand exchange. 
Phosphate appeared to have a stronger affinity than arsenate in a binary P/F 
and As/F system. This could be due to the faster kinetics of phosphate ad- 
sorption, enhancing the uptake capacity. In the ternary system 
(As/P/F). the 
distribution coefficients for As and P were almost equal. The reduced avail- 
ability of surface sites for adsorption could increase the amount of 
bidentate 
bonding, further suppressing uptake capacity. There appeared to 
be some mu- 
tual desorption of both phosphate and arsenate, indicating the similarity 
in 
affinities. 
The evidence of the presence of bidentate 
bonding in both the As/P and 
As/P/F column experiments is in the delayed elution of arsenate 
in As/P and 
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phosphate in As/P/F. A stronger bond is formed with bidentate complexes, 
hence is more difficult to elute. The regeneration process with 0.1 NI NaOH 
was successful with > 85 % being eluted. Fluoride was more easily eluted. 
further evidence of the selectivity and type of surface complexes formed. The 
solution process was not optimised and the adsorbents only went through a 
single cycle of adsorption-regeneration. 
All the experiments have indicated that the iron oxide samples tested are 
suitable adsorbents for both anionic and cationic species, depending on the 
solution pH. The materials are stable in water, iron was not detected in solution 
at pH 4,7 and 9. Sample VL redissolved very slightly, 0.04 mg/L. well within 
the 0.2 mg/L limit for drinking water. 
This presents a distinct advantage over activated alumina, an adsorbent often 
used for water treatment. Concerns have been raised over the amount of 
soluble Al (III) in water that have been linked to Alzheimer's disease and the 
high affinity for arsenate limits the regeneration efficiency to approximately 
90 %. In addition, ferric salts have a higher removal capacity for arsenate and 
amorphous ferric hydroxide possesses 5-10 times greater capacity for arsenic 
than activated alumina. 
7.2 Further work 
This study has shown that an iron oxide material can be used to successfully 
remove both anionic and cationic pollutants. Due to ease of use, 
low cost 
of production and disposal method, iron oxide could be an industrially viable 
adsorption media. However, there are several areas which could 
be investigated 
further to optimise the adsorption process and understand 
further the uptake 
mechanisms and effect of competing ions on uptake capacity. 
Column experiments should be carried out to optimise 
the process by decreas- 
ing the flowrate and particle size and increasing the aspect ratio and 
inlet 
concentration. Equimolar binary and ternary systems with 
0.133 mmol/L to- 
tal concentration should be completed to enable mass 
transfer coefficients to 
be calculated. 
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Further anionic species should be studied for the competitive effects on arsen- 
ate uptake in column operation. For example, both molybdate and silicate are 
expected to affect arsenate removal. The pH effects on arsenate, phosphate 
and fluoride systems should be studied by reducing the influent pH to 4, to 
enable a more accurate comparison of samples NN, GEH and VL to be made. 
The elution process should be investigated, by reducing the flowrate to en- 
hance the separation of species to determine relative affinity for each species 
to the iron oxide surface. The concentration and type of eluent should also 
be examined. The ability of other anionic species to desorb pre-loaded iron 
oxide material with arsenate should be investigated as an alternative means 
of determining the preference of one species over another. 
Leach tests should be developed for pre-loaded iron oxide material with the an- 
ionic species studied. This would confirm the suitability of the spent adsorbent 
to be sent to landfill, rather than a regeneration process. 
The kinetics of arsenate, phosphate and fluoride uptake should be determined, 
both as single ion solutions and as binary and ternary solutions. Hence, the 
competitive effects exhibited from column experiments may be further ex- 
plained and the rate of uptake modelled. 
The effect of mixed solutions of anionic and cationic species should also 
be 
studied. It would be expected that the presence of both positive and negative 
species would enhance the anionic uptake, depending on solution pH. 
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Speciation calculation 
A. 1 Phosphate calculations 
H3PO4---*H'+H2PO4- Kj- 
[H2PO4-][H+J_ 
10-2.03 
[H3P 041 
[H p02-] [H+] 
H2PO- H+ + HP 02- K2 
4 lo-7.19 (A. 2) 44 [H2P 04-1 
[po3-] [H+l 10-12.03 HP 02- H+ + p03- K4 44 02 [H P 4-1 
-] + [HP 02-] + [po3-] (A. 4) CT [H3P 04] + [H2P 04 4 
[H I+K, + 
K, K2 
+ (A. 5) 3P 041 CTI [H+] [H+ ]2 [H+ ]3 
I+ 
[H+] K2 
+ 
K2K3 
(A 6) 
2PO41 
CTI 
[Ki] [H+] [H+]2 
[HP 02-] CT++ 
[H+] 
+ 
K3 
(A T) 
4 K, K2 K2 [H+]] 
[H+ 13 [H+ ]2 [H+] 
[p 03-] +- -+ 
(A. 
4 
CTI I+ 
KIK2K3 Is, K3 '3 
02-] CT [H3P041 
- 
[H2P041 - [Hp 4 (A. ()) 
230 
Chapter A. Speciation calculation 
A. 2 Phosphite calculations 
H3P 03 
--+ H' + H2P 03- K, = 
[H2 P 03 1 [H'] 
- 
10-1.8 
[H3P 031 (A. 10) 
H2P 0- ---> H' +Hp 02- 33 
2 [HP03-][H+] 
= 10 - 
6.13 K2 = [H2P 03-1 
CT [H -] + [HP 02-] 3PO31 + [H2P03 3 
[H3P031 CTI 1+K, + 
I K, K2 
[H+] [H+ ]2 
[H2P 03-1 CTI 1+ 
[H+] 
+ 
K2 ] 
[Ki] [H+] 
[HP 02-] 3 CTI 1+ 
[H+ ]2 
+ 
[H+] 1 
K, K2 K2 
CT - 
[H3PO31 
- 
[H2PO31 
A. 3 Fluoride calculations 
HF--->H'+F- Ki- 
[F-][ 
= 10-3.18 
[HF) 
CT 
-:::: [HF] + [F-] 
[HF] CTI 1+ 
CTI ,+ 
[H+] 
[K, ] 
CT - [HF] 
(A. 12) 
(A 
- 13) 
(A. 14) 
(A. 15) 
(A 1 
(; \. 1T) 
(A. 18) 
(A. 19) 
(A. 20) 
(A.. 21) 
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A-4 Cadmium calculations 
Cd 2+ +H20 +-ý Cd(OH)+ + H+ 
K, = 
[Cd(OH)+][H+l 
[Cd 2+1 
Cd 21 + 2H20 4--* Cd(OH)2(aq) + 2H+ 
K2 = 
[Cd(OH)2((aq)][H +]2 
= 10-20.4 
[Cd 2+] 
Cd 2+ +3H20 <--* Cd(OH)3 + 3H+ 
K3 = 
[Cd(OH)3-][H+]' 
10-33.3 
[Cd 2+1 
Cd 2+ + 4H20 +-+ Cd(OH)2- + 4H+ 4 
[Cd(OH)2-j [H+ 14 
K4 4 10-47.4 
[Cd 2+j 
CT ý [Cd 2+] + [Cd(OH)+] + [Cd(OH)2(aq)) 
+[Cd(OH)-] + [Cd(OH)2-j 34 
C 2+j = 
CT 
d 
1+ Kl-+ 
K2 K3 K 
[H+l [H+]2 (H+13 rýE, +IT it 
(A-22) 
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(A. 24) 
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(A-26) 
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[Cd(OH)'] = 
CT 
K, K 
(A. 28) 
+ ]Kl[H+12 
[Cd(OH)2(aq)] = 
CT 
(A. 29) 
+ 
LV2 2 K, [H+l KK ý+ K2 + 
CT 
(A. 30) [Cd(OH)3-1 
+2 p+Ki 
K2[H+l 
+K + K3 
V3 
3 
)2-] 
CT 
(A. 31) [Cd(OH4 
+ 
4+ KIP3 +K2[H+12+ 
K3[H+]] LA 
K4 
14 
4 
K4 
= 10-10.1 
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Appendix B 
Ashing steps for Varian 
GTA-100 graphite furnace 
Step Temperature ('C) Time 
(s) 
Flow 
(L/min) 
Store signal (S). 
read steps (R) 
1 85 5 3 
2 95 40 3 
3 120 10 3 
4 1400 5 3 
5 1400 1 3 
6 1400 2 0 S 
7 2600 0.6 0 SR 
8 2600 2 0 SR 
9 2600 2 3 S 
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